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ABSTRACT 
 
Porous organic cages (POCs) have garnered great interest due to their well-defined 
structural porosity and solution processability that provide advantageous properties for wide 
ranges of applications. Recently, the feasibility of constructing various POCs via multitopic 
dynamic covalent chemistry (DCC) has been demonstrated. The common view of successful 
DCC syntheses is that they proceed reversibly, ultimately allowing “error-correction” to provide 
thermodynamically favored products. The current approach to synthesize molecular cages is to use 
structure-focused strategies along with empirical methods. However, such approaches become 
unreliable when applied to large and complex molecular cages. Professor Makoto Fujita pointed 
out that the kinetic factors play an important role in the successful self-assembly of large 
multicomponent molecular cages. However, very little attention has been dedicated to this 
important topic when considering dynamic reactions. The reversible nature of dynamic reactions 
will result in thermodynamically favored products only when these reactions proceed via 
kinetically viable pathways. Recognizing the current lack of understanding in pathway design, and 
understanding kinetic challenges in multitopic DCC is critical for developing reliable design 
strategies for complex molecular cages.  
This dissertation illustrates how to shift our thinking from structure and thermodynamics 
to the effects of structural variables on reaction pathways and kinetic factors in dynamic covalent 
chemistry. This work includes the discovery of novel kinetically trapped tetrahedral cages 
synthesized via alkyne metathesis (chapter 2), an investigation of the origin of the kinetic trap 
(chapter 3), and the development of strategies to probe the dependence of reaction pathways on 
structural variables of the precursor (chapter 4). The investigation of the origin of the kinetic 
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trapping has led to easy ways to switch “on/off” the kinetic traps in a controlled manner. 
Selectively removing species from the “dynamic pool” offers new synthetic strategies using DCC. 
Using pathway analysis combined with a “toy model” approach to kinetic simulations, the effects 
of change in precursor size on cage forming processes were probed to corroborate observed 
experimental results. By changing reaction conditions, reaction pathways could be further altered 
to alleviate the observed effects. This work establishes that a simple extension of precursor size 
provides a facile approach to construct large molecular cages. Collectively, this dissertation 
underlines how fundamental understanding of reaction pathways and kinetics provides insights to 
design-in kinetically viable pathways towards desired products. Development of these guidelines 
is advantageous for efficient preparation of complex porous organic cages, allowing for 
exploration of their interesting properties and potential applications. 
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CHAPTER 1: INTRODUCTION 
1.1 Functional Properties of Porous Molecular Cages 
Porous materials have garnered great interest as their well-defined structural porosity and 
high surface area allow them to be used for wide ranges of applications such as catalyst, adsorption, 
environmental recognition, and molecular separation.1 Notably, extended network materials such 
as zeolites,2 metal organic frameworks (MOFs),3 and covalent organic frameworks (COFs)4  
contribute the most to current advancements in the field. A summary and comparison of the current 
development and limitations for those materials are well described in Figure 1.1. While extended 
networks exhibit useful properties such as modular pore sizes and crystallinities, these materials 
suffer from insolubility, limiting their usefulness in some applications.  
Lately, discrete three-dimensional (3D) molecular cages have emerged as an alternative 
class of porous materials, which offers potential advantages over extended networks. The inherent 
porosity of molecular cages allows researchers to obtain unique topologies of assembled 
materials.5–7 Due to increase solubility, cage molecules can be post modified to achieve synthetic 
diversification. Also, their solution processability allows molecular cages to be used in 
applications that would otherwise be challenging with insoluble porous solids. For example, 
Cooper and coworkers utilized a solution processable porous tetrahedral imine cage (Figure 1.2a) 
as a stationary phase for gas chromatography.8 They coated capillary columns with CC3 using a 
simple coating method to separate various alkanes, aromatic mixtures, and chiral molecules 
(Figure 1.2b). By incorporating a CC3 porous cage into polymers of intrinsic microporosity (PIM-
1) through the slow evaporation of the homogeneous solution, Cooper and coworkers generated 
mixed matrix membranes (MMMs), which exhibited substantially enhanced gas permeability and  
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Figure 1.1. Classes of porous solids and selected properties. (Adopted from reference 1 with 
permission from © AAAS) 
 
resistance towards physical ageing while retaining good selectivity (Figure 1.2c).9 More recently, 
the authors demonstrated the viability of fabricating thin film composite (TFC) molecular sieving 
membranes by spin coating the CC3 cage molecule on various substrates (Figure 1.2d).10 For the 
first time, uniform and pinhole-free microporous cage-containing thin films were demonstrated 
and this suggests a simple approach to generate porous thin film membranes with interesting 
applications such as in functional coatings and water purification membranes.  
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Figure 1.2. a) Tetrahedral porous imine cage, CC3, used to coat stationary column for separating 
a selection of racemic mixtures: b) a separation behavior of mixture containing rac-2-butanol (1), 
rac-2-pentanol (2), rac-2-hexanol (3), rac-2-heptanol (4), rac-2-octanol(5), rac-2-nonanol (6), and 
rac-2-decanol(7) in diethyl ether. (Reproduced from open access reference 8 ) c) SEM image of 
a cross-section of a PIM-1/CC3 composite membrane. (Reproduced from open access reference 
9 ). Schematics for thin film composite (TFC) membrane fabricated by spin-coating of cage 
solution into an ultrathin layer of cage films on d) nonporous substrate, and e) porous substrate. 
(Reproduced from reference 10 with permission from © John Wiley and Sons) 
 
Combining solubility and discrete pore sizes, molecular cages can also be used as templates 
to generate monodisperse nanoparticles or polymers of defined size and shape. For example, Fujita 
and coworkers have constructed 5 nm hollow self-assembled M12L24 organometallic spheres
11 
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from palladium salts and bis-pyridyl ligands and used them as “endo-templates” to synthesize 
silica nanoparticles with uniform shapes and sizes in a precisely controlled fashion (Figure 1.3a).12 
In addition, by using ligands externally functionalized with oligonucleotides of varying length, 
M12L24 assemblies produce monodisperse DNA nanoparticles. When the ligands displayed 
matching complementary DNA strands, the nanoparticles were isolated as insoluble aggregates 
due to hydrogen bonding between adjacent nanoparticles (Figure 1.3b).13 These examples clearly 
demonstrate how the unique properties of molecular cages allow researchers to expand their uses 
into biological applications and finer tuning of nanomaterials, which are often hard to achieve from 
insoluble porous networks.   
 
 
 
Figure 1.3. a) Synthesis of silica nanoparticles within endo-templating self-assembled 
organometallic sphere with sugar group pending ligands. (Reproduced from reference 12 with a 
permission from © Nature Publishing Group) b) DNA nanoparticles templated by self-assembled 
organometallic sphere with oligonucleotide substituted ligands. (Reproduced from reference 13 
with permission from © American Chemical Society) 
 
Molecular cages are divided into two classes: coordination cages or metal-organic cages 
and covalent organic cages. Previously, coordination cages formed by the complexation of 
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transition-metal ions and multidentate ligands received most interest. The literatures illustrates 
numerous successful syntheses of self-assembled cages in various polyhedron geometries such as 
tetrahedra, cubes, octahedra, cuboctahedra, dodecahedra and even higher symmetry 
architectures.14 Although coordination cages are synthesized with various sizes and functions, they 
suffer from high sensitivity to their environment. More recently, due to increased demand for light-
weight and thermally and structurally stable materials, efforts to construct porous organic cages 
(POCs) have emerged. In the remainder of this chapter 1, current approaches and challenges in 
constructing POCs using dynamic covalent chemistry (DCC) will be discussed. Furthermore, the 
scope and development of alkyne metathesis (AM) will be introduced as an alternative potential 
tool to synthesize shape persistent POCs.  
1.2 Overview of Porous Organic Cage Synthesis 
In contrast to coordination cages that often self-assemble from simple precursors, reports 
of organic cages comprised of covalent bonds are rare. In principle, covalent organic cages can be 
achieved through two different synthetic approaches. One route is a stepwise approach via 
irreversible bond formation, e.g. cross-coupling reactions. In small molecule synthesis, covalent 
bonds are commonly irreversible, excluding corrective processes. However, most cage compounds 
synthesized this way require multiple steps and often have very low overall yields due to the kinetic 
factors and irreversibility of the reaction used.15 Another possible route to synthesize organic cages 
is to use dynamic covalent chemistry (DCC).16,17 The common view of successful DCC syntheses 
is that they proceed reversibly, ultimately allowing for off-target pathway corrections and 
convergence toward thermodynamic products. Compared to irreversible bond formation, dynamic 
covalent bond formation allows highly efficient construction of complex structures from rather 
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simple precursors in one pot. It has been already proven that DCC is a powerful strategy for 
synthesizing shape-persistent architectures such as macrocycles18,19 and covalent organic 
frameworks.20,21 Furthermore, imine and boronic acid condensation, alkene metathesis, and 
disulfide exchange reaction have be used to construct various organic cages.22 In following 
sections, the most commonly utilized dynamic reactions will be briefly introduced to demonstrate 
the successful application of DCC towards molecular cage synthesis.   
1.2.1 POCs Synthesized through Imine Reaction 
One of the most commonly used reactions in DCC for the synthesis of POCs is the 
reversible condensation between aldehydes and amines, which forms imine bonds. Imine 
formation emerged as a powerful tool to construct POCs after a successful synthesis of a large 
hemicarcerand by Cram and coworkers via condensation of resorcinarenes with aldehyde and 
diaminobenzene.23 Since this pioneering work, various POCs with different imine connectivity 
such as [2+3], [4+6], and [8+12] have been reported using condensation of multitopic amines with 
aldehydes.22 For example, Cooper and coworkers reported synthesis of a series of tetrahedral cages 
(4-6) from condensation of 4 equivalents of 1,3,5-triformylbenzene with 6 equivalents of diamine 
derivatives (Figure 1.4).5 This series of tetrahedral [4+6] cages is currently the most heavily 
investigated [4+6] cages for their properties and functions (Figure 1.2).22 Since then, much larger 
[4+6] cages have been obtained from extended trialdehydes and cyclic diamines.24,25  
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Figure 1.4. Crystal structures of tetrahedral [4+6] cages synthesized from 1,3,5-trifformylbenzene 
and diamine derivatives. (Reproduced from reference 5 with permission from © Nature Publishing 
Group) 
 
Larger cages with interesting properties and structural complexity can be obtained from 
imine reactions. For example, Warmuth and coworkers prepared cavitand-based POCs by reacting 
1,3,5-tris-(p-aminophenyl)benzene 2 and tetraformyl-substituted cavitand 1 (Figure 1.5).26 The 
resulting [6+8] cage 3 was a gigantic rhombicuboctahedron with a adiameter of 3.9 nm. Large 
[8+12] cage 9 was obtained through the formation of 24 imine bonds by Skowronek and coworkers 
(Figure 1.6).27 The obtained crystal structure featured a large intrinsic cavity with 3.0 nm outer 
diameter. In the past ten years, the work of Warmuth, Mastalerz, Cooper and other groups clearly 
demonstrate that numerous polyimine structures can be easily obtained in just one step. However, 
the hydrolytic stability of imine bonds is a concern and the stability of many imine POCs is largely 
unexplored.  
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Figure 1.5. Covalent assembly of molecular rhombicuboctahedron 3 from six square panels 1 and 
eight triangular panels 2. (Adopted from reference 26 with permission from © John Wiley and 
Sons) 
 
 
 
Figure 1.6. Synthesis of [8+12] cuboctahedral cage 9 from eight triamines 7 and twelve 
dialdehydes 8. Crystal structure of 9. (Adopted from reference 27 with permission from © Royal 
Society of Chemistry) 
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1.2.2 POCS Synthesized through Boronic Acid Condensation 
As a well-investigated dynamic covalent reaction, the condensation of boronic acids with 
diols to give boronate esters has also been utilized to construct POCs. For example, Mastalerz and 
coworkers reported a synthesis of large [8+12] cuboctahedral cage 12 from 48-fold condensation 
between eight units of triboronic acid 10 and twelve units of triptycene tetrol 11 (Figure 1.7).28 
The obtained single crystal structure showed that 12 has a cavity with a minimum inner diameter 
of 2.6 nm and a maximum inner diameter of 3.1 nm. Also, they demonstrated this large cage is 
shape-persistent, providing permanent porosity even after desolvation. This is one of the largest 
shape-persistent organic cages synthesized to date. 
Beuerle and coworkers also reported several POCs synthesized from boronate ester 
condensation. In 2014, they reported the synthesis of cubic cages 15a, and 15b through 
condensation of catechol-functionalized tribenzotriquinacenes (TQTC) 13 and phenylene 
diboronic acids derivatives 14 (Figure 1.8).29 The cube 15 exhibited a diagonal distance of 3.2 nm 
according to DOSY NMR and molecular calculations. Later they synthesizes bipyramidal and 
tetrahedral cages through the condensation of TQTC 13 with diboronic acids with varying angles 
between the two reactive boronic acid sites.30  
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Figure 1.7. 48-fold condensation reaction of eight triboronic acid 10 and twelve triptycene tetraol 
11 to cuboctahedral [8+12] cage 12. (Adopted from reference 28 with permission from © John 
Wiley and Sons)  
 
 
Figure 1.8. Synthesis of molecular cube 15 from tribenzotriquinacene derivative 13 and diboronic 
acids 14 under water removing conditions. (Reproduced from reference 29 with permission from  
© Royal Society of Chemistry) 
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1.3 Challenges in Porous Organic Cage Synthesis using DCC 
By taking advantage of reversible DCC, which allows selective isolation of 
thermodynamically stable products, the field has demonstrated that purely organic covalent cages 
are accessible. To date, utilizing imine condensation and boronic ester condensation, relatively 
complex and large structures are feasible from simple molecular precursors. However, the success 
of cage synthesis is often susceptible to reaction conditions and subtle structural changes of 
precursors. For example, Warmuth and coworkers addressed the formation of either octahedral, 
tetrahedral or square antiprismatic nanocages in the condensation of the same amine and aldehyde 
precursors by simply changing the solvent (Figure 1.9). 31 Acid-catalyzed imine condensation in 
chloroform provided an octahedral nanocage 18, whereas performing the condensation in THF and 
dichloromethane yielded tetrahedral nanocage 19 and square antiprismatic nanocage 20, 
respectively. The reported study illustrates that the bulk solvent environment can influence the 
final product distribution. Similarly, Cooper and coworkers found that in the presence of 
trifluoroacetic acid, condensation reaction between 1,2-ethylenediamine and 1,3,5-
triformylbenzene results in triply interlocked tetrahedral cages.32   
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Figure 1.9. [8+4], [12+6], and [16+8] component syntheses of tetrahedral, octahedral, and square 
antiprismatic nanocages 19, 18, 20 from trifluoroacetic acid-catalyzed condensation of diamine 
16 and tetraformylcavitand 17 in three different solvent conditions. (Reproduced from reference 
31 with permission from © American Chemical Society) 
 
In addition to environmental factors, subtle changes in precursor structure can significantly 
change reaction outcome. Mastalertz and coworkers investigated the effects of rigidity of the 
bis(salicylaldehyde) monomers 22 and 23 on the cage formation (Figure 1.10).33 The reaction with 
more flexible linker 23 yielded noticeably lower yields suggesting that the predefined geometry of 
reacting functional groups is important for achieving target cage formation. A more detailed and 
insightful investigation on the influence of precursor flexibility has been demonstrated by Cooper 
and coworkers.34 They developed an algorithm to predict whether a [2+3] or a [4+6] imine cage is 
formed, based on the diamine chain lengths. An odd-even effect was expected theoretically and 
observed experimentally as diamine with even number of carbon atoms formed [4+6] cages 
whereas those with odd numbers preferred [2+3] cage formation (Figure 1.11). More recently, 
Zhang and coworkers systematically investigated the effects of size and geometry of the building 
blocks on the formation of cages. According to their results, the dimensions of building 
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components play a critical role in determining the topology of the assembled structure (Figure 
1.12).35  
 
Figure 1.10. Preparation of two cages from flexible and rigid linkers. The crystal structures of 
cages 24 and 25 are shown. (Reproduced from reference 33 with permission from  © Royal 
Society of Chemistry) 
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Figure 1.11. Odd-even effect of cage compounds with increasing alkane chain length with 
calculated cage energy. (Reproduce from reference 33 with permission from  © Royal Society of 
Chemistry)  
 
 
Figure 1.12. Systematically varied monomer sizes and their assembled structures with varying 
topologies. (Adopted from reference 35 with permission from © Royal Society of Chemistry) 
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Despite many successful syntheses of covalent organic cages reported in the literature, the 
typical approach in this field is to use empirical methods of discovery. Following the heuristic 
approach, the geometry and directionality of complementary pairs of DCC connections allow the 
chemist to propose a possible structural outcome. This structure-focused empirical design strategy 
is quite efficient in case of macrocycles. Isoreticular approaches are used to give relatively reliable 
porous framework products (Figure 1.1). However, such structure-focused empirical approach 
become less reliable when applied to complex and larger molecular architectures such as molecular 
cages. As numerous previous reports exemplify, delicate changes in flexibility, angles, and size of 
a multicomponent system result in non-intuitive formation of products. Rarely reported in the 
literature are the many unsuccessful attempts that undoubtedly have resulted following the 
empirical approach. Thus, reliable, a priori prediction of target structures from multitopic 
precursors remains an unsolved problem. 
Although the targets of DCC are thermodynamic products, there are important kinetic 
considerations for successful outcomes. This is especially true in a more complex multitopic DCC 
system as illustrated by a ladder experiment.36 Moore and coworkers synthesized imine 
condensation-based ladders that become kinetically trapped beyond formation of four imine-rungs. 
Even though the chemistry used in the system forms and breaks bonds reversibly, the higher rung 
ladders formed misaligned byproducts that were trapped due to multivalent linkages, preventing 
perfect rung registry expected for the thermodynamic product. This suggests that in multitopic 
precursors, as the dynamic connectivity increases, the energy landscape gains complexity and 
becomes harder to provide kinetically viable pathways to reach thermodynamic equilibrium. Either 
the landscape is far too flat, analogous to “Levinthal’s paradox”, meaning that there is insufficient 
time or catalyst to find a pathway to the target, or the landscape is too rugged, meaning that the 
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intermediates are kinetically trapped before reaching the equilibrium (Figure 1.13).37 As Fujita 
points out: “kinetic effects, an important factor in self-assembly structure determination of larger 
complexes, have generally been neglected”.38 Only limited studies in the field have investigated 
kinetic traps38,39 or kinetic controls40 in cage forming processes. Also, in most cases, only the final 
cage structure is characterized and thoroughly discussed; far less attention has been paid to the 
intermediate structures41 that form and disassemble during the reaction. Monitoring these species 
has tremendous value in providing insight for understanding cage forming pathways as well as 
designing strategies to avoid undesirable byproducts. 
 
Figure 1. 13. a) The Levinthal ‘golf-course’ landscape with flat energy field. b) A rugged energy 
landscape containing multi-state such as high energy barriers, kinetic traps, and some narrow 
pathways to thermodynamic product. (Reprinted from reference 37 with permission from © Nature 
Publishing Group) 
 
Recognizing the current lack of understanding in pathway design and kinetic effects in 
multitopic dynamic systems is critical. In addition, efforts to develop new experiments and 
computational tools to explore these factors are needed. Only when the multitopic dynamic 
reaction proceeds through a kinetically viable pathway, a pathway which does not fall in a kinetic 
trap, can the thermodynamic product form in appreciable yields. Towards this end, alkyne 
metathesis is utilized as an alternative tool to investigate pathway design of shape persistent POCs.  
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1.4 Alkyne Metathesis: Scope and Development for Molecular Architectures 
1.4.1 Scope and Development of Alkyne Metathesis 
Alkyne metathesis (AM) is a powerful method for the synthesis of arylene ethynylene 
macrocycles (AEMs). AEMs with a shape-persistent scaffold are interesting materials due to their 
internal void volume and their ability to spontaneously organize into well-ordered assemblies.42 
AEMs have been used as a functional building blocks to investigate molecular self-assembly,42,43 
sensory materials for explosives detection,44 and organic nanodevices. 45 The field of covalent 
macrocycles before utilizing AM suffered due to difficulties in kinetically controlled synthesis. 
Most strategies utilizing coupling reactions such as Stephens-Castro, Sonogashira, Eglinton-
Glaser, and Suzuki were low-yielding, required lengthy steps, and synthesizing macrocycles wasin 
large scale or high concentration was difficult as such kinetically controlled reactions often 
resulted in undesired oligomerization. Utilizing dynamic alkyne bonds to self-correct undesired 
polymeric intermediates, AM emerged as a promising method towards the synthesis of rigid 
macrocycles, polymers, and small molecules. However, it was not until the late 1990’s and early 
2000’s that more reactive and robust catalyst systems were developed.46–48 Building upon the work 
by Cummins and Fürstner,46,49,50 the Moore and Zhang developed a reductive recycle synthetic 
strategy to access well-defined pre-catalyst, tris(amido)molybdenum (VI) propylidyne complex 
(Figure 1.14).51 With the reductive recycle strategy, the byproduct formed during the carbyne 
formation can convert back to the starting material to produce more of the target complex. This 
allows the pre-catalyst complex to be obtained in reasonable yield (54 %) on a multigram scale. 
When the pre-catalyst is mixed with electron-deficient alcohol ligands such as substituted phenols 
or silanols, catalytic species with high activity even at room temperature are generated in situ.51,52   
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Figure 1.14. Synthesis of a trisamidomolybdenum(VI) propylidyne pre-catalyst using a reductive 
recycle strategy.  
 
Figure 1.15. Synthesis of a series of AEMs by precipitation-driven metathesis from monomers 
with varying angles. 
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The highly active molybdenum alkylidyne catalyst system was used to synthesize various 
functional AEMs in one-pot with high yields. In all cases, the alkyne end groups had to be 
effectively removed to shift equilibrium towards the formation of desired macrocycles. Originally 
precipitation-driven approach was developed where the monomer is functionalized with a bulky 
benzoylbiphenyl group that reacts to form an insoluble byproduct after cross-metathesis.53 This 
approach has been used to synthesize various AEMs in moderate to high yields from different 
monomers (Figure 1.15).51,53,54 Under AM, the rigid monomers with persistent alkyne angles of 
60°, 90°, and 120° in C2-symmetry gave the tricycle, tetracycle, and hexacycle AEMs as the major 
product. This suggests that the simple geometry set by the monomer’s angle is one of the basic 
structural parameters that can dictate the product distribution. By changing the angle between 
reactive groups on a monomer, one can obtain AEMs with varying shapes in predictable manner.  
While the precipitation-driven approach has proven to be very efficient in macrocycle 
synthesis, a disadvantage of this approach is the requirement of monomers functionalized with 
bulky benzoylbiphenyl end group. This specification can hamper macrocyclizations of monomers 
that are not very soluble.55 It is also possible to use propynyl- and butynyl-functionalized 
monomers. Removal of the volatile 2-butyne or 3-hexyne via vacuum could be used to give AEMs 
in high yields.56 However, only small scale reaction is achievable via this method as slow removal 
of byproducts leads to polymerization of byproducts and deactivation of the catalyst in gram-scale 
synthesis. Alternatively, it has been demonstrated that activated 5 Å molecular sieves can adsorb 
the produced 2-butyne efficiently even in gram-scale reactions.57–60 
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Figure 1.16. Synthesis of carbazolyl-ethynylene macrocycle via depolymerization-
macrocyclization of a carbazoylethynyl homopolymer.  
While investigating the reaction progress of the precipitation-driven reactions, it was noted 
that longer oligomeric intermediates form initially under the metathesis conditions and then they 
self-correct to form the desired macrocycle.61 This result is in good agreement with the dynamic 
nature of the reaction since the product distribution should not be influenced by the starting 
material, but only dictated by the thermodynamics of the system. Based on this idea, more recently, 
an alternative strategy was developed by the Moore group that utilizes carbazole-ethynylene 
homopolymers synthesized by Sonogashira polycondensation as the starting material for 
metathesis (Figure 1.16).56 Depolymerization of starting homopolymers is entropically-driven to 
form smaller macrocycles.62 Surprisingly, the yield of tetracycle obtained from the 
depolymerization of carbazole-ethynylene polymer was comparable to the precipitation-driven 
strategy. This depolymerization strategy has several advantages over the precipitation-driven 
method: 1) simple diiodo and diethynyl monomers significantly expands the flexibility of alkyne 
metathesis due to the ease of polymer synthesis and purification as compared to monomer required 
for the precipitation-driven approach; 2) the atom economy of the reaction is greatly improved 
since a stoichiometric amount of byproduct is not produced. Using the depolymerization method, 
a variety of homo- or copolymers with controlled changes in functional groups, geometry, and 
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conformation can be readily prepared and subjected to AM to explore dynamic macrocyclization 
and provide dynamic combinatorial libraries of macrocycles.  
 
Figure 1.17. Dynamic mixing experiment between two hexacycles.  
 
Figure 1.18. Dynamic mixing experiment between a hexacycle and a tricycle.  
 
Since AM is an example of dynamic covalent chemistry DCC, experiments were performed 
to demonstrate that the macrocycles are formed dynamically under AM reaction conditions. A 1:1 
mixture of macrocycles TgO2C-hexamer and tBu-hexamer was subjected to scrambling metathesis 
(Figure 1.17).61 A statistical mixture of scrambled products was obtained, providing clear evidence 
that macrocycle formation is reversible. Additionally, hexamer and trimer macrocycles were 
mixed in a 1:2 mixture and subjected to scrambling metathesis (Figure 1.18).54,55 Formation of a 
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tetrameric macrocycle was observed, indicating that the formation of AEMs via AM is truly 
dynamic and thermodynamically controlled.  
1.4.2 Alkyne Metathesis for Constructing Porous Organic Cages 
Alkyne metathesis has proven to be an efficient tool to provide diverse 2D molecular 
architectures from simple precursors on a gram scale. With increasing interest in synthesizing 3D 
organic cages, use of AM to construct these shape-persistent molecular architectures can be 
exploited. Compared to other DCC reactions such as imine or boronic ester condensation, disulfide 
exchange reaction and alkene metathesis, AM can offer several advantages. First, AM exchanges 
carbon-carbon triple bonds – a connecting group with a simple, linear geometry that has no 
directionality. Such simpler connecting geometry could possibly alleviate some complexity 
observed in other multitopic DCC systems.  Also, the bond is small and rigid, so it merely extends 
the shape of the monomer with minimum side effects such as increased flexibility and 
conformation.63,64 Thus, it is relatively simple to systematically change monomers to extract how 
structural modification of the monomer influence cage formation. In addition, the rigidity of the 
alkyne bond can possibly endow permanent porosity even after desolvation, which is much harder 
to achieve with flexible bonds. Lastly, the alkyne bond displays much enhanced thermal and 
chemical stability as compared to other dynamic bonds such as boronic esters, which are very 
susceptible to hydrolysis.  
Organic cages synthesized via alkyne metathesis are rare, as there are only three examples 
to date.65–67 From designed tetratopic and tritopic monomers with 90 ᵒ  angular constrictions, Zhang 
and coworkers were able to synthesize porphyrin-based cages 65 and interlocked cages 67 in 
moderate yield (Figure 1.19a,b). They have also attempted to synthesize a tetrahedral cage using 
a tritopic precursor. However, they found that the propynyl edges of their tritopic precursor can 
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freely rotate and quickly form a macrocyclic dimer, which directed the reaction pathway towards 
a D2h cage (Figure 1.19c).
66 Those conjugated arylene ethynylene cages showed exceptional 
selectivity towards C70 over C60.65,66 While Zhang’s successful examples illustrate the feasibility 
and advantages of utilizing alkyne metathesis for synthesizing 3D shape persistent cages, the field 
is at its infancy compared to other DCC systems. The scarcity of cages constructed by alkyne 
metathesis is not for lack of trying. Many unsuccessful attempts have been made in our lab (Table 
1.1). In an attempt to construct larger cages, we designed monomers with wider bonding angles, 
while maintaining conformational rigidity (Entries 1, 2, and 3).  Unfortunately, subjecting these 
monomers to AM yielded kinetically-trapped insoluble oligomeric material that prematurely 
precipitated during the reaction. To obtain the smallest polyhedron, tetrahedron, a tritopic 
monomer was designed (Entry 4). However, only insoluble polymer was isolated. Even suing AM 
to construct 3D cages, which allows precursor simplifications from rigid, linear, and non-
directional alkyne bonds, product prediction remains a challenge. It is clear as discussed previously 
that in a multitopic dynamic system, the energy landscape gains complexity and there are important 
kinetic factors that need to be considered to achieve and take advantage of the truly reversible 
nature of a dynamic system. Especially, realizing larger structures requires rationally designing-
out kinetic traps and imposing specific information that smooth out the energy landscape and guide 
cage formation via a kinetically viable pathway.  
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Figure 1.19. Arylene ethynylene cages synthesized from tritopic and tetratopic monomers via 
alkyne metathesis. (Adopted from open access reference 35) 
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Table 1.1. Results from attempted 3D cage syntheses via alkyne metathesis from tritopic 
monomers with different bonding angles.  
 
Thus, we directed our efforts towards developing a cage structure that could be used as an 
ideal system to reveal the fundamental requirements for rational design of 3D cages utilizing AM. 
In the following chapters strategies to overcome DCC’s kinetic challenges, to probe the dynamics 
of cage forming process, and to understand the effects of precursor structural parameters on cage 
forming pathways will be discussed. This collective effort is aimed to establishing rational design 
principles for more complex cage architectures. 
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CHAPTER 2: KINETICALLY BIASED TETRAHEDRAL CAGE 
FORMATION VIA ALKYNE METATHESIS 
2.1 Introduction 
As discussed in the previous chapter, the challenges in multitopic DCC often result in 
unexpected final products. While the vast majority of the DCC research has been focused on 
disulfide,1,2 imine3,4 and boronic ester formations5,6 and alkene metathesis,7,8 only a handful of 
alkyne metathesis (AM) studies have been reported.9,10 Pioneering research by Zhang and 
coworkers have shown that alkyne metathesis can serve as a tool for preparing shape-persistent 
cages. From designed tetratopic monomers with specific angular constrictions, they were able to 
synthesize porphyrine-based cages (56%)11 and interlocked cages (59%)12 in moderate to high 
yields. Zhang and coworkers also have attempted to synthesize a tetrahedral cage using a tritopic 
precursor. However, they found that the propynyl edges of their precursor can freely rotate and 
quickly form a macrocyclic dimer, which directed the reaction pathway towards a D2h cage.
13  
While Zhang’s successful examples illustrate the feasibility and advantages of utilizing alkyne 
metathesis for synthesizing 3D shape persistent cages, yet, the field is at its infancy compared to 
other DCC systems. Reaction yields are typically moderate, and the mechanistic understanding of 
cage formation is limited. Also, Zhang’s serendipitous D2h cage formation clearly demonstrates 
the need for better guidelines for precursor design and systematic studies to probe the dynamics of 
cage formation in AM. Thus, we sought foray into this field by targeting the simplest platonic 
solid, tetrahedron which has yet to be synthesized via AM.  
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2.2 Tetrahedral Cage Synthesis and Characterization 
2.2.1 Precursor Design and Cage Synthesis 
After realizing from the previous failed attempts (Table 1.1) the complex kinetic challenges 
in multitopic system, our major effort shifted toward the design and synthesis of preorganized 
precursor to construct the simplest platonic solid. We hypothesized that the key to the successful 
cage formation lies in the conformational rigidity of the precursor. Investigated by Mislow and 
Siegel and extensively used in supramolecular chemistry14,15 and ligand design16–20, the 1,3,5-
tribenzyl-2,4,6-triethylbenzene core,21 is known to have a characteristic alternating up-down 
conformation (Figure 2.1).22 Adopting this preorganized precursor design, we synthesized tritopic 
building block by installing alkynyl handles (Figure 2.2). With the conformational rigidity of the 
precursor and the target cage, which contains fewest number of precursors (four) and linkages 
(six), we expected that undesired kinetic pathways would be eliminated, guiding precursors to 
reach equilibrium for truly reversible dynamic system. 
 
Figure 2.1. Crystal structure of triethyl-tribenzylic core representing alternating up-down structural 
conformation. 
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Figure 2.2. Tritopic precursor with propynyl handles and expected simplest platonic tetrahedral 
cage structure after the alkyne metathesis. 
 
Furthermore, to test our hypothesis that the cage formation is dependent on conformational 
rigidity, we synthesized another precursor with identical bonding angles, but with increased 
conformational relaxation by substituting the tribenzylic core with triisopentoxy groups (Scheme 
2.1). According to conformational modeling calculations (HF 3-21G) in figure 2.3, in the case of 
P1 (X=Et, Y=CH2), steric between X and Y favors the bowl conformation as the global minimum 
(Figure 2.3c). However, the trialkoxy derivative P2 (X=OR, Y=CH2) has a bowl conformation 0.9 
kcal/mol above the most stable chair conformation (Figure 2.3d). Thus, if AM of P2 results in 
significant differences in cage formation, it will set a boundary for conformational tolerance in 
designing tetrahedral cages from the tritopic precursor. On the other hand, if such a small 
difference in conformational potential energy results in no significant difference in cage formation, 
then, it becomes evident that the bowl conformation need not be the global minimum. Also, it will 
be reasonable to expect P3–P5 and P7–P9 to yield tetrahedral cages as well (Fgifure 2.3b). On the 
other hand, the bowl conformation of P6 (X=Me, Y=CO) is higher in energy compared to the chair 
by 1.6 kcal/mol. If P6 successfully results in a tetrahedron, it will set a new upper boundary for 
conformational tolerance that was suggested by P2. If not, it indicates the importance of 
conformational design in multitopic DCC precursors. 
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Figure 2.3. Relative energy distribution (HF 3-21G) of local minima on the precursors' 
conformational potential energy surfaces. Conformations identified as chairs are represented as 
open squares and bowl conformations are represented as blue circles.  
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Scheme 2.1. Syntheses of tetrahedral cages Ta and Tb from pre-organized precursors 4a and 
4b. Central phenylene groups forming the vertices are colored in orange for clarity. TCB: 1,2,4-
trichlorobenzene. 
 
The synthesis started from a copper(I) catalyzed coupling reaction to convert 
tribromomethyl compound 1a to a tribenzylic compound 2a (Scheme 2.1). The trimethylsilyl 
groups were converted to the corresponding iodide using ICl to furnish triiodo compound 3a in 
quantitative yields. Kumada coupling23 between 3a and 1-propynylmagnesium bromide yielded 
4a. Precursor 4b was prepared from compound 1b using identical procedures as 4a. Alkyne 
metathesis of precursors 4a and 4b (10 mM in TCB) were performed at 70 °C overnight using an 
active molybdenum catalyst, pre-formed by mixing 5 mol% of a molybdenum(IV) propylidyne 
pre-catalyst, [Mo],24,25 and excess triphenylsilanol ligand (30 mol%).26 Molecular sieves (5 Å, 800 
mg / mmol of propynyl groups) were used to capture the 2-butyne byproducts.27 To our delight, 
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alkyne metathesis resulted in tetrahedral cages Ta (>99%) and Tb (93%) in high yields. The 
conversion of ethyl-precursor, 4a, to cage molecule, Ta, was easily scalable up to gram scale 
reaction, making the compound very accessible in materials aspect.   
2.2.2 Characterization of Tetrahedral Cages 
The cage molecule, Ta, was characterized by 1H-NMR (Figure 2.4). The disappearance of 
propynyl peak at around 𝛿2.04ppm indicates complete consumption of precursor. Further, the 
chemical shift in two aromatic doublets indicates the successful conversion of precursor into highly 
symmetric tetrahedral cage product. 
 
Figure 2.4. 1H-NMR spectra of precursor Pa (blue) and cage Ta (orange). Propynyl peak labeled 
with asterisks (**). 
 
Tetrahedral cage Ta was crystallized in a tetragonal lattice with space group I41/a from a 
mixture of chloroform and toluene (Figure 2.5). Due to the disordered solvent molecules and lack 
of heavy atoms, the crystal diffracted weakly. A synchrotron light source was required to obtain 
reasonable diffraction data for analysis. The X-ray crystal structure unambiguously shows the 
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tetrahedral geometry of cage Ta (Figure 2.5a). The angle between the benzylic edges and the 
central benzene moiety on the vertices were found to be 117.3° on average (Figure 2.5a), which 
did not deviate much from the X-ray crystal structure of a tritopic precursor 3a (117.8° on average, 
Figure 2.6). However, this angle was smaller compared to the ideal 125.2° angle for a perfect 
tetrahedron. As a result, the six diphenylene-acetylene groups on the edges are bent towards the 
central cavity with an average angle of 163°. The size of the cavity is 1.4 nm in height. Thus far, 
no host-guest complexes have resulted from a screen of potential guest molecules with similar 
sizes (e.g., C60, PMo12O40
3–, Ph4B
–, Ph4P
+).  
 
 
Figure 2.5. (a) X-ray crystal structure of Ta and its (b) packing structure viewed along the c-axis. 
Hydrogen atoms, disordered solvent molecules and disordered phenylene groups were omitted 
for clarity. 
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Figure 2.6. X-ray crystal structure of 3a, 50% ellipsoids. (a) Side view. Angles between the central 
benzene group and the three benzylic groups are labeled, an average of 117.8°. (b) Top view 
(CH2Cl2 molecules removed for clarity). Hydrogen atoms are omitted for clarity. Disordered iodine 
atoms are labeled with asterisks (*). 
 
2.2.3 Cage Forming Process Monitored by GPC 
Contrary to our original hypothesis, the level of preorganization of precursors 4a and 4b 
had minor effects on the cage yields. Indeed, we observed highly efficient cage formation in both 
cases. To further understand unusually effective cage formation and to investigate the importance 
of precursor preorganization in the cage forming processes, we monitored the AM reaction over 
time using gel permeating chromatography (GPC).  
First, we monitor the AM of precursor 4a at different temperature. Precursor 4a was 
subjected to the identical AM conditions as previously mentioned at three different temperatures, 
70 °C, 50 °C, and room temperature. Then aliquots were withdrawn from each reaction, quenched 
in methanol, and further processed to monitor the reaction progress over time via GPC. The GPC 
traces revealed that the cage and overshoot-longer oligomeric intermediate formation is dominant 
at the beginning of the reaction. Those oligomeric intermediates, however, quickly self-correct to 
converge to the final target cage product (Figure 2.7). The reaction performed at 70 °C rapidly 
converted to the cage within 30 minutes whereas other two reactions at lower temperature took 
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approximately 1 hour and 2 hours to complete the reaction. Overall, reaction temperature has little 
effect in determining reaction pathways and final product distribution. The reaction progressed in 
a similar manner, offering identical final products at different reaction rates. 
  
Figure 2.7. GPC traces to monitor the rapid cage formation of Ta at a) 70 °C, b) 50 °C, and c) 
room temperature. 
 
Next, we subjected each precursor 4a and 4b to the AM, then the reaction was monitored 
via GPC over time. According to the GPC traces at different time points the level of 
preorganization within two precursors also had very little influence on the cage forming processes 
(Figure 2.8). In both cases, precursor converted to cage rather rapidly, achieving full conversion 
within about 2 hours.  
  
Figure 2.8. GPC used to monitor the efficient cage formation of a) Ta from 4a and b) Tb from 4b.  
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2.3 Kinetically Trapped Cage Formation 
Alkyne metathesis is under thermodynamic control and normally gives high yields in 
macrocycle synthesis.28–30 However, the near-quantitative yields for cages Ta and Tb were not 
originally anticipated.11–13 We hypothesized that such high yields and rapid conversion to cages 
may have originated from the thermodynamic stability of the products as well as kinetic trapping. 
In order to test this hypothesis, dynamic scrambling experiments were performed (Figure 2.9). A 
mixture of equimolar amounts of Ta and Tb was subjected to alkyne metathesis (Figure 2.9a) in 
higher concentrations (×4) and larger catalyst loading (×4 per alkynes) compared to the individual 
cage syntheses (Table 2.1). The non-scrambled cages Ta (aaaa) and Tb (bbbb) were recovered in 
quantitative yields after the reaction. MALDI spectra (Figure 2.9b), GPC traces (Figure 2.9c), and 
1H-NMR (Figure 2.10) all consistently showed no evidence of the scrambled cages (aaab, aabb, 
abbb). To eliminate the possibility of narcissistic self-sorting of cages Ta and Tb, a mixture of 
equimolar amounts of 4a and 4b was subjected to alkyne metathesis (Figure 2.9d). The resulting 
MALDI spectrum (Figure 2.9e) clearly showed the formation of all five possible cages. The GPC 
trace (Figure 2.9f) exhibited a new peak with a retention time in between. Also, we identified broad 
peaks and multiplets in the 1H-NMR spectrum of the aliphatic side chain region, indicative of 
scrambled cages (Figure 2.10). It is noteworthy that kinetic trapping occurred with only six alkynyl 
bond formations. On the other hand, D2h-symmetric cages prepared by Zhang were not trapped 
with the same number of bonds. Therefore, the structural information within the precursor design 
must be an important factor in the formation of kinetically trapped products. 
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Table 2.1. Reaction condition for scrambling experiments.  
 Precursor scrambling Cage scrambling 
Concentration 10 mM (precursor) 10 mM (cage) = 40 mM (precursor) 
[Mo] pre-catalyst 5 mol % 40 mol % (cage)  
Ligand 30 mol % 240 mol % (cage)  
 
 
Figure 2.9. Scrambling experiments. (a) Cage scrambling experiment and its (b) MALDI spectrum 
and (c) GPC trace. (d) Precursor scrambling experiment and its (e) MALDI spectrum and (f) GPC 
trace. AM: alkyne metathesis 
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Figure 2.10. 1H NMR spectra comparison of (a) cages Ta (*) and Tb (*) with scrambling 
experiments. (b) Zoomed-in (0.5–2.5 ppm) spectra of the aliphatic side chain region. Broad peaks 
(**) observed in precursor scrambling spectrum indicate the formation of scrambled cages. 
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There are two possible explanations regarding the thermodynamic stability of the 
tetrahedral cages. First, the cages are thermodynamically very stable and thereby create large 
kinetic barriers preventing them from breaking apart. Second, the actual thermodynamic product 
has not been reached31–33 due to the kinetic trapping in the tetrahedral intermediate stage. However, 
we were not able to model any other cage compounds with appreciable stability compared to the 
tetrahedron and no other cage complexes have been observed in the reaction time scale of alkyne 
metathesis. Thus, the first explanation is more plausible based on the experimental results at hand. 
The energy landscape picture that emerges for this example is that of the Levinthal ‘golf-course’ 
landscape34 where the starting precursor is located only a few short steps from the ‘hole’. The flat 
playing surface enables rapid exploration of intermediate and undesirable constitutions that, 
through random exchange and ring closure, find their way to a deep, monotonic energy well which 
siphons off the desired product once it forms. 
2.4 Conclusion 
In conclusion, we synthesized shape persistent tetrahedral cages in high yields, partially 
because the desired product becomes kinetically trapped under the reaction conditions. This study 
clearly demonstrates the importance of kinetic aspects in multitopic DCC. We observe no 
significant effect of precursor conformational rigidity on cage formation. Our cage marks the first 
platonic solid that has been prepared via alkyne metathesis to date. Easily scalable and versatile 
synthesis of the unique shape persistent tetrahedral cages opens doors for materials and 
fundamental aspects. We suspect that our cages and future derivatives to have unique functions 
and properties such as permanent porosity and size exclusive selectivity. Also, we envision that 
these tetrahedral cages can provide an ideal, simple platform to systematically study kinetic aspects 
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of cage formation in DCC, and help investigate precursor design parameters such as angle, degree 
of preorganization, and size that affect the multitopic dynamic system’s self-assembly. Such 
collective effort will help guild our way towards more complex polyhedral cages in rational and 
predictable manner.   
2.5 Experimental Details 
2.5.1 General Methods 
All reagents were obtained from commercial suppliers and used as received unless 
otherwise noted. 1,3,5-tribromomethyl-2,4,6-triethylbenzene35 (1a) was prepared in quantitative 
yield from 1,3,5-triethylbenzene. Molybdenum(IV) propylidyne precatalyst [Mo] was prepared 
following reported procedures.24,25 Nuclear magnetic resonance (NMR) spectra (400 MHz and 500 
MHz) were recorded at room temperature (298 K). Chemical shifts were referenced on 
tetramethylsilane (TMS) or residual solvent peaks. Column chromatography were performed on 
Biotage Isolera using Silicycle Siliasep HP flash cartridges. High resolution electron impact 
ionization (EI) mass spectrometry was performed on Micromass 70-VSE. High resolution 
electrospray ionization (ESI) mass spectrometry was performed on Waters Synapt G2-SI. Matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry was performed on Bruker 
Daltonics UltrafleXtreme MALDI. Nylon membrane filter, 0.45 micron, 25 mm and 47 mm 
(MAGNA, Maine Manufacturing. LLC) were used for collecting Ta and Tb. 
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2.5.2 Syntheses and Characterization of Compounds 
 
Scheme 2.2. Synthesis of tetrahedral cage Ta. 
1,3,5-Tris(4-trimethylsilylbenzyl)-2,4,6-triethylbenzene (2a): To a mixture of activated 
magnesium turnings (430 mg, 17.5 mmol, 10 eq.) in anhydrous THF (30 mL) was added catalytic 
amount of I2 solution in THF under nitrogen and stirred for 10 min. 1-Bromo-4-
(trimethylsilyl)benzene (2 g, 8.7 mmol, 5 eq.) was added (exothermic  reaction) and stirred for 4 
h.  The formed Grignard reagent was transferred via cannula to a flask containing 1,3,5-
tribromomethyl-2,4,6-triethylbenzene (770 mg, 1.75 mmol, 1 eq.) and CuI (34 mg, 0.18 mmol, 0.1 
eq.) and stirred under nitrogen at 70 °C overnight. The reaction mixture was cooled to room 
temperature and quenched with NH4Cl solution. THF was removed under vacuum and the mixture 
was extracted with CH2Cl2. The organic phase was dried using MgSO4, filtered and the solvents 
were removed under vacuum. Flash column chromatography using an eluent gradient from 
hexanes to hexane/CH2Cl2 97:3 afforded a white solid product (700 mg, 1.07 mmol, 61% yield). 
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1H NMR (500 MHz, CDCl3):  = 7.17 (d, J = 7.7 Hz, 6H), 6.77 (d, J = 7.7 Hz, 6H), 3.89 (s, 6H), 
2.20 (q, J = 7.4 Hz, 6H), 0.86 (t, J = 7.4 Hz, 9H). 13C NMR (125 MHz, CDCl3): δ = 141.92, 141.35, 
137.17, 133.67, 133.42, 127.26, 127.24, 34.63, 23.80, (15.17, 15.13), (-0.91, -0.96, -1.02, -1.07). 
Carbons peaks of ethyl and TMS groups were split. HRMS-EI: C42H60Si3 [M]
+ calcd 648.4003, 
found 648.4001. 
1,3,5-Tris(4-iodobenzyl)-2,4,6-triethylbenzene (3a): To a solution of 2a (1 g, 1.53 mmol, 
1 eq.) in CH2Cl2 (100 mL) was dropwise added a solution of ICl (0.32 mL, 6.1 mmol, 4 eq.) in 
CH2Cl2 at 0 °C and stirred for 15 min. The reaction was quenched with a solution of sodium 
bisulfite and extracted with CH2Cl2, dried with MgSO4, filtered and removed the solvents under 
vacuum. The resulting mixture was dissolved in EtOAc and washed with sodium bisulfite solution 
to further remove residual iodine. The resulting light orange solid was washed with cold hexanes 
to give a white solid product (1.24 g, 1.53 mmol, quantitative yield). 1H NMR (400 MHz, CDCl3): 
 = 7.66 (d, J = 8.2 Hz, 6H), 6.84 (d, J = 8.2 Hz, 6H), 4.17 (s, 6H), 2.50 (q, J = 7.2 Hz, 6H), 1.16 
(t, J = 7.3 Hz, 9H). 13C NMR (125 MHz, CDCl3):  = 141.36, 140.87, 137.37, 133.47, 129.74, 
90.83, 34.10, 23.65, 15.13. Anal. Calcd for C33H33I3: C, 48.91; H, 4.10%. Found: C48.74; H, 3.99. 
1,3,5-Tris(4-propynylbenzyl)-2,4,6-triethylbenzene (4a): To a degassed solution of 3a 
(430 mg, 0.531 mmol, 1 eq.), PdCl2dppf (20 mg, 0.027 mmol, 0.05 eq.) in THF (10 mL) was added 
0.5 M 1-propynylmagnesium bromide solution in THF (3.7 mL, 1.86 mmol, 3.5 eq.) under argon 
and stirred at  70 °C overnight. The reaction was cooled to rt and quenched with an aqueous 
solution of NH4Cl and THF was removed under vacuum. The mixture was extracted with CH2Cl2, 
dried with MgSO4, filtered and concentrated under vacuum. Flash column chromatography using 
an eluent gradient from hexanes/CH2Cl2 98:2 to 8:2 resulted in a white solid product (280 mg, 
0.512 mmol, 96% yield). 1H NMR (400 MHz, CDCl3):  = 7.25 (d, J = 8.0 Hz, 6H), 6.89 (d, J = 
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8.0 Hz, 6H), 4.09 (s, 6H), 2.39 (t, J = 7.5 Hz, 6H), 2.03 (s, 9H), 1.02 (t, J = 7.5 Hz, 9H). 13C NMR 
(100 MHz, CDCl3):  = 141.28, 140.87, 133.61, 131.42, 127.59, 121.28, 85.14, 79.62, 34.44, 
23.63, 15.06, 4.29. HRMS-EI: C42H42 [M]
+ calcd 546.3287, found 546.3293. 
Tetrahedral cage, Ta:  Precursor 4a (150 mg, 0.274 mmol, 1 eq.), 5 Å molecular sieves 
powder (700 mg) and 1,2,4-trichlorobenene (25 mL) were added to a reaction vial in an argon-
charged glovebox. A solution of molybdenum(VI) alkylidyne precatalyst, [Mo] (9 mg, 0.014 
mmol, 0.05 eq.) and Ph3SiOH (23 mg, 0.082 mmol, 0.3 eq.) in 1,2,4-trichlorobenzene (5 mL) was 
stirred in a separate vial for 10 min then added to the reaction mixture containing precursor 4a. 
The reaction mixture was stirred at 70 °C overnight in the glovebox. The reaction was cooled to rt 
and removed from the glovebox. It was then filtered through a pad of Celite and washed with 
CHCl3. The filtrate was collected and CHCl3 was removed under vacuum. MeOH (50 mL) was 
added to the solution and the precipitates were collected using a membrane filter and washed 
extensively with MeOH. The resulting powder was dried under vacuum to give a light beige solid 
product (128 mg, 0.274 mmol, >99% yield).1H NMR (500 MHz, CDCl3):  = 7.44 (d, J = 8.1 Hz, 
24H), 6.99 (d, J = 8.1 Hz, 24H), 4.13 (s, 24H), 2.40 (t, J = 8.0 Hz, 24H). 1.17 (t, J = 7.4 Hz, 36H). 
13C NMR (125 Hz, CDCl3):  = 141.42, 141.42, 141.00, 133.36, 131.74, 127.45, 120.96, 89.12, 
34.65, 23.64, 14.97. MS-MALDI-TOF: C144H132 [M]
+ calcd 1862.04, found 1862.08. 
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Scheme 2.3. Synthesis of tetrahedral cage Tb. 
1,3,5-Triisopentoxybenzene: A mixture of phloroglucinol (1.51 g, 12 mmol), 2-
bromoisopentyl (6.75 mL, 54 mmol, 4.5 eq.), KI (0.4 g, 2.4 mmol, 0.2 eq.) and K2CO3 (9.95g, 72 
mmol, 6 eq.) in dry DMF (20 mL) was heated at 70 °C for 24 h under nitrogen. The solution was 
cooled to room temperature and added water, extracted with hexane. The organic phase was dried 
over MgSO4, filtered, and concentrated under vacuum. The resulting yellow oil mixture was 
purified by flash column chromatography using hexane/EtOAc 70:30 to afford a colorless oil 
product (3.3 g, 9.70 mmol, 80 % yield). 1H NMR (500 MHz, CDCl3): δ = 6.07 (s, 3H), 3.94 (t, J 
= 6.7, 6H), 1.84–1.78 (m, 3H), 1.66 (q, J = 6.78 Hz, 6H), 0.95 (d, J = 6.64 Hz, 18H). 13C NMR 
(125 MHz, CDCl3): δ = 161.08, 93.84, 77.41, 66.48, 38.12, 25.19, 22.73. HRMS-ESI: C21H36O3 
[M]+ calcd 337.2743, found 337.2739. 
1,3,5-tris(bromomethyl)-2,4,6-triisopentoxybenzene (1b): 1,3,5-Triisopentoxybenzene 
(2.67 g, 7.93 mmol), acetic acid (14 mL), paraformaldehyde (2.14 g, 71.3 mmol, 9 eq.), 33% HBr 
solution in HOAc (74.5 mmol, 13.1 mL, 9.4 eq.), and ZnBr2 (5.35 g, 23.8 mmol, 3 eq.) were 
introduced into a sealed tube and stirred at 90–100 °C for 24 h. The solution was cooled and poured 
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into water (70 mL). The solid precipitate was filtered, washed with methanol and dried to afford a 
white solid product (2.99 g, 4.84 mmol, 61 %). 1H NMR (500 MHz, CDCl3) δ = 4.58 (s, 6H), 4.29 
(t, J = 6.83, 6H), 1.93-1.82 (m, 9H), 1.02 (d, J = 6.34, 18H).  13C NMR (125 MHz, CDCl3) δ = 
159.75, 123.24, 73.79, 39.19, 25.21, 23.26, 22.94. HRMS-ESI: C24H39Br3O3 [M–Br]+ calcd 
533.1266, found 533.1266. A single bromide was cleaved off during the ionization process.  
1,3,5-Tris(4-trimethylsilylbenzyl)-2,4,6-triisopentoxybenzene (2b): To a mixture of 
activated magnesium turnings (438 mg, 18 mmol, 10 eq.) and catalytic amount of iodine in 
anhydrous THF (28 mL) were added 1-bromo-4-(trimethylsilyl)benzene (1.76 ml, 9 mmol, 5 eq.) 
at 25 °C under nitrogen. The resulting mixture was stirred for 2 hrs. This Grignard solution was 
transferred via cannula to a flask containing 1b (1.1 g, 1.8 mmol) and CuI (34 mg, 0.18 mmol, 0.1 
eq.) and stirred under nitrogen at 70 °C overnight. The mixture was allowed to cool to 25 °C and 
quenched with saturated aqueous NH4Cl solution (25 mL). The resulting solution was diluted with 
EtOAc (25 mL), and the organic layer was washed with brine, dried over MgSO4, and concentrated 
in vacuo. The crude oil was purified by flash column chromatography in hexanes to afford 
colorless oil, which solidified as a white solid (1.02 g, 1.24 mmol, 69 %)  1H NMR (500 MHz, 
CDCl3): δ = 7.39 (d, J = 7.69, 6H), 7.19 (d, J = 7.50, 6H), 4.00 (s, 6H), 3.49 (t, J = 6.82, 6H), 
1.53-1.46 (m, 9H), 0.73 (d, J = 5.82, 18H), 0.22 (s, 27H).  13C NMR (125 MHz, CDCl3): δ = 
156.69, 142.66, 137.02, 133.31, 127.87, 123.96, 72.88, 39.01, 30.75, 25.09, 22.76, –0.91. HRMS-
ESI: C51H78O3Si3 [M]
+ calcd 823.5337, found 823.5329. 
1,3,5-Tris(4-Iodobenzyl)-2,4,6-triisopentoxybenzene (3b): To a solution of 1,3,5-Tris(4-
trimethylsilylbenzyl)-2,4,6-triisopentoxybenzene (1 g, 1.21 mmol) in CH2Cl2 (15 mL) cooled to 0 
°C were added dropwise ICl (0.2 mL, 3.76 mmol, 3.1 eq.) solution in CH2Cl2 (5 mL). The mixture 
was stirred in ice-bath for 10 min then quenched with sodium bisulfite. The solution extracted with 
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CH2Cl2, dried over MgSO4, and concentrated to give crude clear oil. The product was further 
purified via flash column chromatography with hexane to afford colorless oil, which solidified as 
a white solid (0.79 g, 1.07 mmol, 88 %). 1H NMR (500 MHz, CDCl3): δ = 7.54 (d, J = 8.23, 6H), 
6.90 (d, J = 8.03, 6H), 3.93 (s, 6H), 3.53 (t, J = 6.93, 6H), 1.57–1.45 (m, 9H) 0.79 (d, J = 6.52, 
18H). 13C NMR (125 MHz, CDCl3): δ = 156.70, 141.40, 137.28, 130.39, 130.35, 123.64, 90.87, 
72.89, 39.12, 30.27, 25.07, 22.75. HRMS-ESI: C42H51I3O3 [M]
 +  calcd 985.1051, found 985.1049. 
1,3,5-Tris(4-propynylbenzyl)-2,4,6-triisopentoxybenzene (4b): Dry THF was added to 
an oven dried, nitrogen backfilled round bottom flask charged with 1,3,5-Tris(4-Iodobenzyl)-
2,4,6-triisopentoxybenzene (0.44 g, 0.45 mmol) and PdCl2dppf (16 mg, 0.022 mmol, 0.05 eq.). 1-
propynylmagnesium bromide solution (0.5 M) in THF was added dropwise to the mixture and the 
mixture stirred at 50 °C overnight. The solution cooled to 25 °C and quenched with aqueous 
NH4Cl, extracted with EtOAc, dried over MgSO4, and concentrated. The crude brown oil passed 
through a short silica pad to afford colorless oil, which solidified as a white solid (0.23 g, 0.34 
mmol, 74 %). 1H NMR (500 MHz, CDCl3): δ = 7.25 (d, J = 8.23, 6H), 7.07 (d, J = 8.03, 6H), 3.98 
(s, 6H), 3.52 (t, J = 6.93, 6H), 1.57-1.43 (m, 9H) 0.76 (d, J = 6.52, 18H).  13C NMR (125 MHz, 
CDCl3): δ = 156.72, 141.42, 131.39, 128.15, 123.67, 121.27, 85.02, 79.99, 72.73, 39.10, 30.59, 
25.00, 22.74, 4.44. HRMS-ESI: C51H60O3 [M]
 + calcd 721.4621, found 721.4624. 
Tetrahedral cage, Tb: In an argon-filled glovebox, 1,3,5-Tris(4-propynylbenzyl)-2,4,6-
triisopentoxybenzene (30 mg, 41.61 µmol) and 5 Å molecular sieves (100 mg, 800 mg per propyn) 
were dissolved in 1,2,4-trichlorobenzene (2 mL) in a vial. In a separate vial, molybdenum(VI) 
alkylidyne precatalyst, [Mo]  (1.4 mg, 2.08 µmol, 0.05 eq.) and triphenylsilanol (3.5 mg, 12.48 
µmol, 0.3 eq.) were dissolved together in 1,2,4-trichlorobenzene (2 mL). The catalyst solution was 
added to the dissolved monomer solution and the reaction was stirred at 70 °C overnight in the 
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glovebox. The reaction mixture was allowed to cool to room temperature, and molecular sieves 
was filtered. Then the solution was precipitated in methanol and collected by vacuum filtration to 
afford white solid (24 mg, 93 %). 1H NMR (500 MHz, CDCl3): δ = 7.42 (d, J = 7.8, 24H), 7.14 
(d, J = 7.9, 24H), 4.06 (s, 24H), 3.42 (t, J = 6.8, 24H), 1.57-1.43 (m, 12H), 1.34 (d, J = 6.8, 24H), 
0.68 (d, J = 6.5, 72H).  13C NMR (100 MHz, CDCl3): δ = 157.16, 142.17, 131.59, 128.13, 123.22, 
120.82, 89.13, 72.82, 38.98, 30.76, 24.93, 22.68. MS-MALDI-TOF: C180H204O12 [M+Na]
+ calcd 
2581.53, found 2581.25. 
 
2.5.3 1H and 13C NMR Spectra 
 
Figure 2.11. 1H NMR spectrum of 2a (500 MHz, CDCl3). 
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Figure 2.12. 13C NMR spectrum of 2a (125 MHz, CDCl3). 
 
Figure 2.13. 1H NMR spectrum of 3a (400 MHz, CDCl3). 
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Figure 2.14. 13C NMR spectrum of 3a (125 MHz, CDCl3). 
 
Figure 2.15. 1H NMR spectrum of 4a (400 MHz, CDCl3).  
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Figure 2.16. 1H NMR spectrum of 4a (100 MHz, CDCl3). 
 
Figure 2.17. 1H NMR spectrum of Ta (500 MHz, CDCl3). 
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Figure 2.18. 13C NMR spectrum of Ta (125 MHz, CDCl3). 
 
Figure 2.19. 1H NMR spectrum of 1,3,5-Triisopentoxybenzene (500 MHz, CDCl3). 
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Figure 2.20. 13C NMR spectrum of 1,3,5-Triisopentoxybenzene (125 MHz, CDCl3). 
 
Figure 2.21. 1H NMR spectrum of 1b (500 MHz, CDCl3). 
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Figure 2.22. 13C NMR spectrum of 1b (125 MHz, CDCl3). 
 
Figure 2.23. 1H NMR spectrum of 2b (500 MHz, CDCl3). 
020406080100120140160180
 Chemical shift / ppm
2
2
.7
9
2
3
.1
0
2
5
.0
6
3
9
.0
4
7
3
.6
4
1
2
3
.0
9
1
5
9
.5
9
CDCl3 
O
OO
Br
Br
Br
1b
0123456789
 Chemical shift / ppm
2
5
.9
1
1
7
.7
9
9
.3
1
5
.9
1
5
.9
4
6
.0
2
6
.0
0
0
.2
2
0
.7
2
0
.7
3
1
.4
6
1
.4
7
1
.4
8
1
.4
9
1
.4
9
3
.4
7
3
.4
9
3
.5
0
4
.0
0
7
.1
8
7
.2
0
7
.3
8
7
.3
9
CHCl3 
H2O 
O
OO TMS
TMS
TMS
2b
57 
 
 
Figure 2.24. 13C NMR spectrum of 2b (125 MHz, CDCl3). 
 
Figure 2.25. 1H NMR spectrum of 3b (500 MHz, CDCl3). 
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Figure 2.26. 13C NMR spectrum of 3b (125 MHz, CDCl3). 
 
Figure 2.27. 1H NMR spectrum of 4b (500 MHz, CDCl3). 
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Figure 2.28. 13C NMR spectrum of 4b (125 MHz, CDCl3). 
 
Figure 2.29. 1H NMR spectrum of Tb (500 MHz, CDCl3). 
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Figure 2.30. 13C NMR spectrum of Tb (100 MHz, CDCl3). 
2.5.4 Scrambling Experiments 
In an argon-filled glovebox, precursor 4a (0.0549 mmol, 1 eq.) and 4b (0.0549 mmol, 1 
eq.) with 5 Å molecular sieves (800 mg per propyne) were dissolved in 1,2,4-trichlorobenzene (6 
mL) in a vial. In a separate vial, [Mo] pre-catalyst (5.49 µmol, 5 mol% to the total precursor, 4a + 
4b), and triphenylsilanol (33 µmol, 30 mol% to the total precursor, 4a + 4b) were dissolved in 
1,2,4-trichlorobenzene (5 mL) and stirred for 10 min. The catalyst solution was added to the 
dissolved precursor solution and the reaction was stirred at 70 °C overnight in the glovebox. The 
reaction mixture was cooled to room temperature and removed from the glovebox. Molecular 
sieves were filtered through a pad of Celite and washed with CHCl3. The filtrate was collected and 
concentrated. The product was precipitated out in methanol (50 mL) and collected using a 
membrane filter by vacuum filtration to afford light beige solid. 
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Ta and Tb mixed in 1:1 ratio was re-subjected to the alkyne metathesis with few changes 
in reaction conditions to ensure effective cage scrambling (Table 2.1). Four times the catalyst 
loading per propynyl group was used with higher concentration with respect to the precursor 
scrambling experiment.  
* Every single cage comprises of four precursor units. i.e., 1 × Ta = 4 × 4a  
2.5.5 X-ray Crystallographic Analysis of Ta 
Singles crystals were grown by layering toluene on top of a solution of Ta in CHCl3 in an 
NMR tube (slow diffusion). The crystals diffracted very weakly due to the lack of heavy atoms 
and disordered solvents within the cavity. Several crystals were collected on different sources. The 
data presented are for the best crystal with the best diffraction pattern as collected on a synchrotron 
source with a Photon 100 CMOS detector. No better data were obtainable, so the structure 
presented here was only collected to 1.0 Å resolution. Analysis of the available data results in a 
chemically reasonable structure model that confirms the target molecule was synthesized. 
Intensity data were collected at 200K on a D8 goniostat equipped with a Bruker 
PHOTON100 CMOS detector at Beamline 11.3.1 at the Advanced Light Source (Lawrence 
Berkeley National Laboratory) using synchrotron radiation tuned to λ=1.2399Å. For data 
collection frames were measured for a duration of 1-s at 0.5o intervals of ω with a maximum 2θ 
value of ~100o. The data frames were collected using the program APEX2 and processed using 
the program SAINT routine within APEX2. The data were corrected for absorption and beam 
corrections based on the multi-scan technique as implemented in SADABS. Severely disordered 
solvents within the cavity were implemented with Platon SQUEEZE.4 
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Table 2.2. Crystal data and structure refinement for Ta. 
Identification code  Ta 
Empirical formula  C148 H136 Cl12 
Formula weight  2339.97 
Temperature  200(2) K 
Wavelength  1.2399 Å 
Crystal system  Tetragonal 
Space group  I41/a 
Unit cell dimensions a = 18.9935(5) Å = 90°. 
 b = 18.9935(5) Å = 90°. 
 c = 50.612(3) Å  = 90°. 
Volume 18258.5(13) Å3 
Z 4 
Density (calculated) 0.851 Mg/m3 
Absorption coefficient 1.024 mm-1 
F(000) 4912 
Crystal size 0.23 x 0.17 x 0.14 mm3 
Theta range for data collection 2.808 to 38.332°. 
Index ranges -15<=h<=18, -8<=k<=18, -50<=l<=43 
Reflections collected 27663 
Independent reflections 4787 [R(int) = 0.1087] 
Completeness to theta = 38.332° 99.8 %  
Absorption correction Semi-empirical from equivalents 
Max. and min. transmission 0.9645 and 0.3033 
Refinement method Full-matrix least-squares on F2 
Data / restraints / parameters 4787 / 695 / 434 
Goodness-of-fit on F2 1.083 
Final R indices [I>2sigma(I)] R1 = 0.0881, wR2 = 0.2624 
R indices (all data) R1 = 0.1060, wR2 = 0.2817 
Extinction coefficient 0.00012(5) 
Largest diff. peak and hole 0.529 and -0.427 e.Å-3 
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Figure 2.31. X-ray crystal structure of Ta. (a) Side view and (b) top view. Triethylbenzene-moieties 
on the vertices are colored in orange and the disordered phenylene groups are colored in blue. 
(50% ellipsoids. CHCl3 solvents molecules and hydrogen atoms are omitted for clarity) 
 
Figure 2.32. Disordered CHCl3 solvent molecules located on top of each vertices of Ta (50% 
ellipsoids hydrogen atoms of Ta omitted for clarity). 
 
Figure 2.33. Layered stacks of Ta in the solid state, viewed along the (a) c-axis, (b) a-axis, and 
(c) b-axis. 
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2.5.6 Thermal Stability of the Cages 
 
Figure 2.34. Thermogravimetric analysis (TGA) of the cages. High thermal stability observed for 
the isolated Ta (red) and Tb (green) cages as well as the scrambled mixed cages (blue).   
 
 
Figure 2.35. TEM image of porous morphology of the mixed cages treated with heat at 800 ⁰C 
under nitrogen. 
 
2.6 References 
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This chapter is a collaborative work with Dr. Semin Lee, and Timothy P. Moneypenny II. Anna 
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to test the kinetic trap, and analyzed results. Dr. Semin Lee authored the text, prepared and 
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CHAPTER 3: UNDERSTANDING THE ORIGIN OF THE KINETIC TRAP 
3.1 Introduction 
There are two sets of parameters that control the final products in synthetic reactions: 
thermodynamics and kinetics. In thermodynamically controlled reactions, the product distributions 
are directly dependent on the relative stabilities of products. High temperature and sufficient 
catalysts facilitate intermediates to travel across the shallow energy landscape and to favor 
thermodynamic products at equilibrium. Conversely, low temperature and highly reactive reagents 
disfavor reverse reactions and result in kinetically controlled product ratios, which are correlated 
to the relative rates of corresponding products’ formation. In DCC, the reaction’s reversibility 
constitutes a mechanism to return intermediates that have strayed off the target pathway, which 
allows thermodynamically most stable products.1 In the DCC literature, this mechanism is often 
referred to as “self-correcting” or “error-correcting” mechanism. 
While the “classical” DCC synthesis represents a reaction system dominantly controlled 
by thermodynamics, to a certain extent, numerous reactions can reside along the continuum 
between kinetics and thermodynamics. The potential benefits of combining DCC with kinetic 
controls are: 1) the generation of stable, isolable products via irreversible reactions, 2) isolation of 
dynamic combinatorial library (DCL) compounds or derivatives that are not thermodynamically 
most favorable, and 3) removal of DCC-derived intermediates from the “dynamic pool”. 
Noticeably, DCL trapping,2–4 self-sorting,5–7 self-replication,8–11 and dynamic chiral resolution12,13 
have been achieved previously by controlling the combination of kinetics and thermodynamics. In 
such cases of mixed thermodynamic and kinetic control, prediction of product distribution is less 
intuitive and less controlled. Precipitation-induced kinetic phenomena in DCC often prevent the 
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formation of target organic molecular cages and hinder fine tuning of covalent organic 
frameworks.  
While the use of DCC mainly focuses on thermodynamic aspects, the kinetic aspects can 
be crucial in some cases, limiting the applicability of DCC for constructing complex molecular 
architectures with unique functions and properties. If the reactive system’s kinetic and 
thermodynamic parameters are sufficiently well understood, dual tuneability could potentially be 
realized, allowing control of reactivity and product distribution that cannot be achieved via simple 
kinetic or thermodynamic parameters.  
In the previous chapter, we demonstrated the successful synthesis of tetrahedral organic 
cages in near quantitative yields. The mixing experiments indicated that the isolation of our cages 
benefited from kinetic trapping. It is possible that the system’s thermodynamic products have not 
been reached14,15 due to the kinetic trapping in the tetrahedral intermediate stage. However, we 
were not able to model any other intermediates with appreciable stability compared to the 
tetrahedron and we did not observe any other cage complexes during the reaction time scale. Thus, 
we suspect that the isolated cages are the thermodynamically most stable products as well as the 
kinetic products. This represents how DCC system combined with kinetic factors can provide 
beneficial outcome. Avoiding kinetically trapped intermediates while capturing products in kinetic 
traps is an ideal way to use reaction dynamics to achieve a desired product. Aspects of the reaction 
dynamics and the observed kinetic phenomenon need to be investigated to better understand how 
to direct DCC along kinetically favorable pathways.  
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3.2 Effective Molarity Approach to Escape from the Kinetic Trap 
We rationalized that the observed kinetic trapping of the cages is due to high effective 
molarity. Even when a single alkynyl bond in the cage breaks, the four vertices are still fixed in a 
tetrahedral geometry by other five alkynyl bonds. This pre-fixed orientation can provide a high 
effective molarity to direct rapid intramolecular metathesis to close the ring before any other 
intermolecular exchange or other bond breakage can occur. Inspired by the work of Sanders and 
coworkers,16 which demonstrated a strategy to release kinetically trapped hydrazone-based 
macrocycles, we tested an escape route to obtain dynamic cage distributions from the static cage 
system by adding excess amount of mono-alkyne, diphenylacetylene (DPA) (Figure 3.1a). An 
excess amount of mono-alkyne is expected to allow intermolecular metathesis to become more 
accessible, competing against rapid cage-closing intramolecular metathesis. 
 
Figure 3.1. a) A feasibility experiment to demonstrate equilibration of a kinetically trapped cage 
mixture to their statistical distribution. b) Diphenylacetylene motif (highlighted in blue) presented 
in the edges of the cage. 
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DPA was chosen as a capping mono-alkyne source to lower the effective molarity as it 
exactly resembles the reactive alkyne motif in the cage (Figure 3.1b), providing insignificant 
difference in reactivity. Initially, 2-butyne was tested as a source of mono-alkyne since cross 
metathesis of 2-butyne with reactive alkyne in the cage is expected to regenerate propyne end-
capped initial precursors, Pa and Pb (Figure 3.2a). However, coordination of small molecules, in 
particular 2-butyne, to the hexavalent molybdenum alkylidyne complex is known to be an 
interfering reaction that leads to undesired alkyne polymerization through a ring-expansion 
mechanism (Figure 3.2c) as well as nonproductive reaction pathways that poison catalyst.17 Also, 
the difference in reactivity of the alkyl-alkyne and aryl-alkyne could bias the mixing experiment.18 
In fact, when mixed cages, Tmix (Ta and Tb, Scheme 2.1), were subjected to metathesis with excess 
2-butyne (60 equivalents per cages), viscous polymer formation was observed (Figure 3.2b).  
 
Figure 3.2. (cont.) 
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Figure 3.2. a) Expected recovery of precursor Pa from complete end-capping of cage Ta with 2-
butyne. b) Viscous polymer formation after 20 minutes of alkyne metathesis of Ta with excess 
amount of 2-butyne. c) Ring expansion mechanism proposed for 2-butyne polymerization via 
catalyst coordination. (Reprinted from reference 17 with permission from © American Chemical 
Society) 
 
Kinetically trapped mixed cages Tmix (Ta and Tb) were subjected to a scrambling alkyne 
metathesis experiment with excess amount of DPA (60 equivalent per cages) in 2.5 mM 1,2,4-
trichlorobenzene (TCB) at 70 ⁰C. DPA can end-cap two terminal alkynes and every cage is 
comprised of four precursors which in total contains 12 alkynyl handles. Thus, six DPA are 
required to end-cap one cage completely to its monomeric form. This means, in our reaction 
conditions, there is a tenfold excess of capping reagent per each reactive alkyne. Also, we increased 
the amount of [Mo] catalyst added in the reaction. The cage has six reactive alkynyl bonds and 
there added 60 molar equivalents of excess DPA in the scrambling experiment. To ensure efficient 
AM, 1.1 equivalent [Mo] catalyst was added with respect to Tmix. This ensured that the catalyst 
loading (1.6 mol% catalyst per moles of total alkynes from Tmix and DPA) was equal to our original 
cage forming experiments (5 mol% catalyst per moles of Ta = 1.6 mol% catalyst per moles of 
alkyne from Ta).  
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Figure 3.3. GPC traces before and after the cage scrambling experiment with excess DPA. GPC 
traces are normalized by area. 
 
The reaction mixture was analyzed via GPC to monitor the change in reaction product 
distribution after 24 hours (Figure 3.3). The GPC traces revealed that initial Ta and Tb cage peaks 
diminish and a new peak with a retention time in between that of Ta and Tb appears, indicative of 
scrambled cages. In addition, the GPC trace exhibited a very broad peak at earlier retention time, 
which corresponds to the formation of longer oligomeric intermediates. Such a large amount of 
longer oligomer formation was not observed from the initial Pa and Pb precursor mixing 
experiment. We suspect that the addition of excess DPA shifted the equilibrium and altered the 
energy landscape to allow tetrahedral cages to escape from the kinetic trap; some intermediates 
diverge from the cages and form longer oligomers. It is also possible that the reaction is yet at 
unequilibrated state due to limited reaction time and catalyst loading. In either case, the 
experimental result confirms our hypothesis that the kinetic trap of our cages originated from the 
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high effective molarity and further demonstrates feasibility of our escape route to obtain scrambled 
cages from a kinetically trapped cage mixture. 
3.3 Disassembly of the Kinetically Trapped Tetrahedral Cages 
As discussed in chapter 2, investigating the cage forming process can provide important 
insights to understand kinetically viable cage forming pathways and dynamics in the system. 
Similarly, exploring cage disassembly processes could also provide useful information in our 
unique system. Addition of excess DPA successfully lowers the relative effective molarity in the 
dynamic cage system and allows fast enough intermolecular alkyne exchanges to achieve 
scrambled cages as well as oligomeric products. To eliminate the formation of undesired 
oligomeric intermediates and to examine more controlled cage disassembly processes, we further 
optimized reaction conditions. Instead of subjecting a cage mixture to AM, we investigated each 
cage separately with DPA at a reduced temperature (from 70 ᵒC to room temperature) and 
monitored the dependence of intermediates and product distribution of cage disassembly process 
over time using GPC (Figure 3.4).  
 
Figure 3.4. Experimental design to investigate kinetically trapped cage disassembly process with 
excess DPA.  
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Each cage was subjected to AM at room temperature with 60 equivalent DPA and 1.6 
mol% catalyst per total alkyne in TCB (2.5 mM), and aliquots of each reaction were taken at 
various time points. The aliquots were then quenched with wet chloroform and the product 
mixtures were characterized via GPC. By lowering the reaction temperature, we were able to 
eliminate oligomeric intermediate formation and achieved better controlled disassembly of each 
cage into phenylacetylene-capped intermediates (Figure 3.5 a and b). Intermediates in each aliquot 
were analyzed by MALDI. We only identified phenylacetylene-capped monomers, dimers, and 
unreacted cages as intermediates in all aliquots for both Ta and Tb experiments (Figure 3.5 c and 
d). We were not able to find corresponding masses for the other intermediates in both cases. This 
suggests that potentially the tetrameric cages disassemble into two dimers, which further breaks 
into two monomers (Figure 3.6). However, it is more likely that the other intermediates, in 
particularly expected trimeric intermediate, do not fly to be detected by MALDI.  
 
76 
 
 
Figure 3.5. Reaction monitored by GPC at different time points for a) Ta with DPA and b) Tb with 
DPA. AM was performed with 60 equivalent excess amounts of DPA in 2.5mM TCB with 1.6 mol% 
[Mo] catalyst per alkyne at room temperature. Each GPC traces normalized by area. 
Representative MALDI spectrum of intermediates from AM of c) Ta with DPA and d) Tb with DPA. 
*All aliquots from different time points provided almost identical MALDI analysis.    
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Figure 3.6. Proposed potential cage disassembly process with excess DPA.  
3.4 Effects of Catalyst Loading on Cage Scrambling: Return to the Dynamic Pool 
Successful dynamic cage scrambling can arise under two conditions: 1) intermolecular 
alkyne exchange occurs before the intramolecular ring closure, 2) multiple alkyne bond 
connections break simultaneously to frustrate pre-fixed structural orientation. In the previous 
section, a feasibility study to allow cages to re-enter the dynamic pool was demonstrated by 
promoting intermolecular alkyne exchange to compete against rapid intramolecular ring closing. 
Another strategy is to employ higher catalyst loading, which could allow another alkyne bond to 
break before the first one can shut close back to cage. Our previous experiments such as cage 
forming experiments and mixed cage scrambling experiments used 1.6 mol% [Mo] catalyst per 
moles of total alkyne in the system. To investigate effects of catalyst loading on dynamics of our 
system, we began with a simple test experiment. We repeated the mixed cage scrambling 
experiment as described in chapter 3.2, but without excess DPA. Since we added increased catalyst 
(1.1 equivalent per moles of mixed cages), this makes 31.7 mol% catalyst loading per moles of 
alkyne in the absence of DPA. This is almost twenty times higher in catalyst loading as compared 
to our original AM conditions.  
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Figure 3.7. GPC traces before and after the cage scrambling experiment with a) 1.6 mol % and 
b) 31.7 mol % [Mo] catalyst per moles of alkyne. GPC traces are normalized by height.  
 
The reaction mixture was subjected to GPC to monitor the change in reaction product 
distribution after 24 hours (Figure 3.7 b). The GPC trace exhibited a new peak with a retention 
time in between that of Ta and Tb after AM with increased catalyst loading. The result matches 
well with the GPC trace obtained from the precursor mixing experiment that resulted in statistical 
mixture of scrambled cages (Figure 3.7 a). Unlike the first escape route discussed in chapter 3.2, 
which caused undesirable oligomerization of intermediates, the scrambling experiment with higher 
catalyst loading solely resulted in neat scrambled cage products. This experiment suggests that 
increased catalyst loading allows the catalyst to break multiple alkyne edges on cage before the 
first edge closes back to form cage. As a result, the cage can escape from the pre-fixed orientation 
that results in high effective molarity, and the system returns to the dynamic pool to provide 
statistical mixture of scrambled cages. 
When a mixture of Ta and Tb cages was subjected to AM with 0.4 equivalent [Mo] 
catalyst, we recovered unscrambled mixed cages Ta and Tb (Figure 3.7 a and Figure 2.9 c). On 
the other hand, when 1.1 equivalent [Mo] catalyst was added to a mixture, a statistical distribution 
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of scrambled cages was obtained (Figure 3.7 b). It follows logically that there must exist a 
threshold catalyst loading representing a lower limit for dynamic cage scrambling. Removal of 
DCC-derived intermediates from the dynamic pool holds considerable synthetic promise.19 Being 
able to turn “on/off” the dynamic nature of DCC would prove very helpful in the future to obtain 
combinatorial library of cages with different functional groups in very controllable manner while 
still taking advantage of cage stability.  
To find the critical threshold, we performed scrambling experiments with five samples that 
differ in amount of [Mo] catalyst (Table 3.1).  
 
Table 3.1. Reaction samples prepared with different catalyst loadings for dynamic scrambling 
experiments  
 X A B C D E 
[Mo] catalyst 0 equiv 0.4 equiv 0.6 equiv 0.8 equiv 1.0 equiv 1.2 equiv 
All scrambling experiments were performed at room temperature in 5 mM chloroform (2.1 
mL of total volume of solution for the following reaction scale). We used stock solutions for both 
cage mixture and activated catalyst mixture in order to minimize any measurement errors amongst 
different scrambling samples. To prepare five scrambling samples, the cage mixture stock solution 
was prepared by dissolving total 0.052 mmol of Tmix (48.3 mg, 0.026 mmol of Ta + 66.4 mg, 
0.026 mmol of Tb) in 5.5 mL of chloroform. All five samples contained 1.1 mL of this stock 
solution. The activated catalyst stock solution was prepared by dissolving a total 0.0416 mmol of 
catalyst and 0.249 mmol of triphenylsilanol ligand in 3.5 mL of chloroform. The volume of catalyst 
stock solution was determined as most concentrated catalyst sample, E, requires 1.2 equiv. of 
catalyst solution which should not exceed the total volume of 2.1 mL when added to 1.1 mL of 
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cage mixture stock solution (Figure 3.8). For samples A, B, C, D, and E, varying amounts of 
catalyst stock solution (0.33, 0.5, 0.67, 0.83, and 1 mL respectively) were added via micro-syringe. 
Also, varying amounts of chloroform (0.67, 0.5, 0.34, 0.17, and 0 mL respectively) were added to 
each sample. The scrambling samples were subjected to AM for 24 hours, then characterized by 
GPC.  
 
 
Figure 3.8. Preparation of scrambling samples with varying amount of catalyst from each stock 
solution. 
 
Figure 3.9. GPC traces of reference cages, Tmix and Tscrambled (orange and purple dotted lines 
respectively), and five samples with varying catalyst amount after 24 hours of scrambling AM (in 
solid lines). GPC traces are normalized by area. *See table 3.1 for legend. 
 
81 
 
According to the GPC trace in figure 3.9, non-scrambled cages Ta and Tb were recovered 
after the reaction of sample A. In contrast, the GPC trace of sample B displayed shifted peaks. 
Similar peak shift was observed in sample C, and the two peaks completely converged into a new 
broad peak with retention time in between that of Ta and Tb in samples D and E. The results 
obtained from the scrambling experiments confirmed that there exists a lower limit catalyst loading 
for dynamic cage scrambling. Whereas 0.4 equiv. amount of catalyst could not promote dynamic 
nature in our system, 0.6 equiv. amount of catalyst was sufficient to break multiple alkyne bonds 
simultaneously to allow cages to scramble. However, the incomplete peak conversion observed in 
cases B and C even after 24 hours indicated that the reactions were not able to reach complete 
equilibrium to give statistical mixture of scrambled cages. Based on this observation we suspected 
that the cage’s edge opening and closing process involves unproductive catalyst cycle20 that results 
in rapid catalyst consumption. Thus, catalyst dies before the system could reach equilibrium in 
cases B and C. From the experiments we could define a window for a minimum catalyst loading 
for: 1) initiating cage scrambling of ≥ 0.6 equivalents and 2) reaching equilibrium of ≥ 1.0 
equivalents. 
3.5 Conclusion 
We hypothesized that the cages’ self-templating pre-fixed orientation results in high 
effective molarity, preventing cages from maintaining dynamic nature. We expected that such high 
effective molarity leads to intramolecular ring closure to happen more rapidly than intermolecular 
alkyne exchange or multiple alkynyl bonds breakage. In this chapter, we proposed and 
demonstrated two ways to tune effective molarity of our system to allow cages to re-turn to the 
dynamic pool. By adopting the method from Sander, we demonstrated the feasibility to exchange 
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building blocks and disassemble cages by adding excess monoalkyne, diphenylacetylene (DPA). 
Excess DPA altered the energy landscape of our system and efficiently promoted intermolecular 
metathesis to compete against rapid intramolecular ring closure. Further, we illustrated that 
employing higher catalyst loading allows multiple alkyne bonds to break, frustrating the pre-fixed 
orientation. By increasing the catalyst loading, we re-introduced cages to   the dynamic pool to 
produce a statistical mixture of scrambled cages in a controllable manner. The scrambling 
experiments with varying catalyst loading confirmed that there exists a range of minimum catalyst 
loading of ≥ 0.6 equivalents to initiate the dynamic nature and ≥ 1.0 equivalents to reach 
equilibrium. AM performed with 0.6 equivalents catalyst loading allowed scrambled cages, and 
AM performed with 1.0 equivalents catalyst loading provided a statistical mixture of scrambled 
cages.  
Our effort to understand aspects of reaction dynamics and the origin of kinetic trapping led 
to easy ways to switch “on/off” the kinetic traps to obtain desired outcome in a controlled manner. 
Discussed approaches permit accessibility to diverse porous organic cages (POCs) while still 
taking advantage of kinetic effects to obtain large scale tetrahedral shape-persistent cages. With 
better understanding of reaction dynamics and kinetics, we envision in the future to design and 
tune reaction pathways to achieve more complex products.  
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CHAPTER 4: PROBING EFFECTS OF PRECURSOR SIZE ON CAGE 
FORMING PATHWAYS 
4.1 Introduction 
While dynamic covalent chemistry (DCC) and supramolecular chemistry provide credible 
tools to generate thermodynamically favored molecular architectures,1,2 it should be noted that the 
current practice of structure-focused empirical design strategy is unreliable for constructing 
complex molecular cages in a predictable manner. Numerous studies reveal that the subtle 
structural changes in precursor design have significant impact on the formation of molecular 
cages.1,3,4 For instance, Zhang and coworkers demonstrated how precursor size dramatically 
affects the final products in multitopic DCC. They report that additional phenyl spacers result in 
completely different structural topologies.5 Fujita and coworkers reported an “emergent behavior” 
where slight changes in the ligand bend angle drastically alter the final structures of coordinated 
cages.6 Such erratic behavior is commonly observed in multitopic systems. This suggests that the 
dynamic reactions gain complexity as the number of dynamic connections increases. Such 
behavior in multitopic systems too often results in formation of unanticipated products,7 limiting 
the application of dynamic reactions. Only when the multitopic dynamic reactions proceed through 
kinetically viable pathways will the reversible nature be realized for successful synthesis of 
thermodynamically desired products. Thus, a fundamental understanding of effects of subtle 
structural changes on cage forming pathways is critical for developing reliable design rules to 
construct various molecular cages.   
As discussed in the chapter 2, we recently reported the formation of tetrahedral cages 
synthesized via alkyne metathesis (AM) from tritopic precursors with pre-organized conformation. 
While the cages are presumed to be the thermodynamically favored products, scrambling 
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experiments indicate that they are also kinetically trapped under the reaction conditions.8 With this 
discovery, we realize that the system offers a simple platform to further investigate the kinetic 
aspects in cage formation and to probe effects of structural variables on cage forming pathways. 
In chapter 3, we investigated the origin of the kinetic trap in our system. We demonstrated that by 
adding excess amount of mono-alkyne or [Mo] catalyst, the reaction pathways are altered, the 
cages escape from the kinetic trap, and re-enter the dynamic pool. 
Although our tetrahedral cage is the smallest and simplest polyhedron, other derivatives of 
the tritopic precursor are easily obtained due to its synthetic versatility. Modification of the 
precursor’s core-benzene and arms allows for a modular design of functional and large cage 
derivatives. By screening chemical spacing of the precursor and obtaining deeper insight into 
dependence of reaction pathways on the structure of the precursor, we envision a path toward 
rational design rules for complex cage molecules. In this chapter, we report our effort to probe the 
effects of precursor size on the cage forming pathways.  
4.2 Pathway Analysis towards Tetrahedral Cages 
To better understand alkyne metathesis reactions of the tritopic precursor, we outlined the 
kinetically viable pathways the precursor must follow to form the cage product (Figure 4.1). 
Intermediates are denoted as MXY where X and Y, respectively, represent the number of building 
blocks and rings in each intermediate. To form the tetrahedral cage, four monomers must come 
together to form six proper alkynyl bonds, which generate four rings. There are three different 
kinetically viable pathways (pathway 1, 2, 3 in Figure 4.1). In the first step, two equivalents of 
monomer M1 react to form dimeric intermediate M2 via alkyne edge formation. Another M1 can 
react with M2 to form trimeric intermediate M3. Then, M3 can either undergo another 
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intermolecular metathesis to further build tetrameric intermediate M4 (pathway 1) or M3 can 
undergo intramolecular metathesis to form the third edge, which completes the first ring in M31 
(pathway 2). Both intermediates M4 and M31 can form M41 via intramolecular (pathway 1) or 
intermolecular (pathway 2) metathesis, respectively. Another intramolecular metathesis results in 
the formation of a second ring in M42, which is expected to readily close the last ring to yield the 
kinetically trapped tetrahedral cage. Also, M2 can dimerize to build M4 (pathway 3), which then 
follows the same pathway as described above to form the cage. All intermediates are susceptible 
to possible off-target pathway oligomerization via intermolecular metathesis yielding building 
blocks larger than the tetrameric unit.  
 
Figure 4.1. Reaction pathways the tritopic precursor M1 can undergo during alkyne metathesis. 
Blue and red arrows represent intermolecular and intramolecular metathesis, respectively. 
Intermediates are denoted as MXY where X and Y, respectively, represent the number of building 
blocks and rings in each intermediate.  
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Four precursors are required to make six alkynyl bonds and construct the tetrahedral cage. 
Regardless of the three different pathways, the most critical point is that there must be a balance 
between intermolecular (blue arrow in Figure 4.1) and intramolecular (red arrow in Figure 4.1) 
metathesis. The starting precursor must undergo three intermolecular and three intramolecular 
metatheses to achieve the target. If there is any shift in the balance, for instance, due to retarded 
intramolecular metathesis or promoted intermolecular metathesis, then the intermediates will be 
channeled to the off-target pathway oligomerization. Also, it should be noted that only when two 
reactive alkynes paired in same capping color (blue-blue or red-red in Figure 4.1) undergo 
metathesis, a productive intramolecular cyclization towards the cage can occur. However, the 
edges of each intermediate can freely rotate, as indicated by black arrows in M3, and lead to mis-
paired alkyne metathesis (blue-red). This unproductive intramolecular cyclization results in mis-
connected intermediates, which may channel intermediates to the off-target pathway.  
 
Scheme 4.1. (cont.) 
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Scheme 4.1. a) Head to tail and b) head to head arrangement of alkylidynes resulting in 
nonproductive and productive cyclization in the cage forming process. Dashed reversible arrow 
in (b) indicates the ability to switch on/off the backward reaction.  
 
Also, it should be noted that there is an important arrangement requirement for the 
successful cage formation. As shown in Scheme 4.1, depending on the regioselectivity of the 
acetylene units added to Mo≡C, there are two possible metathesis outcomes: productive and 
nonproductive pathways. To form the desired cage product in the final intramolecular cage closing 
step, the two acetylenes have to access each other in head to head arrangement to undergo a 
productive metathesis (Scheme 4.1 b). However, such a conformation involves significant angle 
strains as compared to the conformation in head to tail arrangement. It has been demonstrated that 
limited flexibility of two reactive acetylene moieties prevent the productive cyclization as two 
arms are unable to come in close contact. As a result, formation of unpredicted structure as a major 
product was reported from AM.5 Since the conformation of the tritopic precursor is rather rigid on 
its vertex, we suspect that the head to tail arrangement is most likely to happen in our cage closing 
step. However, it is probable that the prefixed orientation of intermediate M42 increases the chance 
for productive cage closing metathesis to happen before any interruptive cross-metathesis can 
occur to form off-target oligomers. We anticipate that change in size of precursor would play both 
favorable and unfavorable roles. Presumably, larger precursor arm can provide more flexibility to 
release the angle strain built up during the final cyclization step. However, with increased 
flexibility and degrees of freedom, the intermediates could have increase access to intermolecular 
metathesis over intramolecular cage closing reaction.  
We suspect that changes in precursor structure shift the balance between intermolecular 
and intramolecular rates of metathesis. Additionally, structural variables such as flexibility change 
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the relative likelihood of unproductive intramolecular metatheses to occur, altering the flux of 
intermediates. Due to increased complexity in the energy landscape of the multitopic dynamic 
reactions, off-target pathway intermediates may be removed, at least temporarily, from the relevant 
pool of dynamic species; they may not convert back to on-target pathways within limited catalyst 
loading and reaction time. Thus, understanding how structural variables affect the reaction 
pathways is significant to design-in the kinetically viable pathways.  In the rest of the chapter, 
effects of precursor size on the cage forming pathway are discussed. We report the effects of 
precursor structure on the reaction pathway and our attempts to model the chemical behavior. 
Using the insight gained, we further demonstrate how changes in the reaction conditions bias the 
reaction towards the cage formation.  
4.3 Precursor Design and Extended Cage Synthesis 
 
We hypothesized that the extension of precursor arm length promotes competing side 
reactions, in opposition to kinetically viable pathways. We suspected that effective molarity in ring 
closing steps, highlighted in red arrows in Figure 4.1, will decrease due to increased flexibility and 
degrees of freedom,9 resulting in an imbalance between intermolecular and intramolecular 
metathesis. As a result, different product distributions and cage forming processes were expected 
to be observed experimentally. To evaluate this hypothesis, we synthesized a series of precursors 
with similar pre-organized conformation and an identical vertex geometry, but different arm 
lengths, by inserting phenyl spacers (Figure 4.2). We anticipated altered product distributions, 
including extended cages, oligomers, and potential dimeric cages, due to increased flexibility and 
range of freedom with extended precursor lengths.  
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Figure 4.2. A series of precursors with short (PS), medium (PM), and large (PL) arm lengths and 
their anticipated tetrameric (TS, TM, TL) and dimeric (DM, DL) cage structures and oligomers after 
alkyne metathesis.  
 
Synthesis of the series of precursors was modular. Precursor PS was synthesized following 
the previously reported procedure,8 and phenyl spacers were inserted using an iterative Suzuki 
coupling approach10 to afford extended precursors PM and PL in overall yields of 79% and 54%, 
respectively. Initially, PS, PM and PL were subjected to the original AM conditions, at room 
temperature in 10 mM 1,2,4-trichlorobenzene (TCB) for overnight using 5 mol% of a [Mo] catalyst 
and 5 Å molecular sieves (Scheme 4.1). However, a premature precipitation of intermediate 
oligomers was observed in the reactions of PM and PL after 30 minutes. An ill-defined gel product 
was obtained from metathesis of PL after 24 hours (Figure 4.3). The result suggests that the 
increase in precursor arm lengths affects fidelity of the cage formation. To better investigate the 
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system, reaction conditions were optimized to eliminate insoluble polymerization products. By 
changing the reaction solvent to chloroform from TCB, gelation of PL was prevented.  
 
Scheme 4.2. Alkyne metatheses of precursors in original reaction conditions.  
 
Figure 4.3. Photo of alkyne metathesis reaction of each precursor in 10 mM TCB with 5 mol % 
[Mo] catalyst at room temperature a) after overnight stirring, b) after 15 min settling of 5 Å MS, 
and c) after methanol precipitation to obtain crude products. A = PS, B = PM, C = PL 
 
To compare the effects of precursor size on product distribution, each of the three 
precursors was subjected to AM in chloroform. After 16 hours, crude reaction mixtures were 
analyzed by GPC. The normalized GPC traces revealed different product distributions for each 
system with a major peak eluting at retention times (min) of 36.6, 35.1, and 33.9 for PS, PM, and 
PL, respectively (Figure 4.4). The major peak in each trace is expected to be the tetrahedral cage. 
The observed decrease in retention times agrees well with the increased size of the cage. In the 
extended precursor reaction mixtures, we observed reduced cage peak area and appearance of 
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broadened peak at shorter retention times, indicative of oligomer formation. In addition, we 
identified a trailing shoulder peak at around 34.46 min and broadened polydispersity index (PDI) 
in the crude GPC trace of the PL metathesis reaction mixture. This possibly suggests the existence 
of a smaller intermediate structure, presumably a dimeric cage, DL.  
 
Figure 4.4. Product distribution of each precursor after 16 h of alkyne metathesis observed by 
crude GPC trace. Each GPC trace is normalized by area. PDI (TS)=1.03; PDI (TM)= 1.03; PDI 
(TL)= 1.08. PDI: polydispersity index 
 
In the 1H-NMR, a disappearance of the peak corresponding to propynyl protons (δ = 2.09), 
and a downfield chemical shift of aromatic, methoxy, and ethyl peaks confirm the consumption of 
all precursors (Figure 4.5-4.7). In contrast to AM of PS that yielded a single product, TS, AM of 
extended precursors resulted in a mixture of cages and complex oligomers, confirmed by broad 
peaks in crude 1H-NMR. It should be noted that the products formed from the metathesis of PM 
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had lower solubility than that of PL. To our surprise, some intermediates from the metathesis of 
PM precipitated out of the solution whereas no precipitates were observed in the PL reaction 
mixture.   
 
Figure 4.5. 1H-NMR (500 MHz, CDCl3) spectra of PS and pure TS after AM. Downfield chemical 
shifts (red arrows) and disappearance of propynyl peak (blue arrow) indicate successful 
metathesis.   
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Figure 4.6. 1H-NMR (500 MHz, CDCl3) spectra of PM and crude TM after AM. Broad peaks suggest 
presence of oligomeric intermediates. Downfield chemical shifts (red and green arrows) and 
disappearance of propynyl peak (blue arrow) indicate successful metathesis. 
 
Figure 4.7. 1H-NMR (500 MHz, CDCl3) spectra of PL and pure TL after AM. Downfield chemical 
shifts (red and green arrows) and disappearance of propynyl peak (blue arrow) indicate 
successful metathesis.   
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Our attempt to purify the crude PM reaction mixture was unsuccessful due to limited 
solubility. Once the crude product of PM was dried, it was hard to dissolve. On the other hand, the 
crude TL mixture was soluble, and column chromatography of this mixture afforded pure TL and 
fractions of shorter and longer intermediates (Figure 4.8). Analysis of MALDI-TOF verified the 
formation of the expanded tetrahedral cages, TM and TL, as well as a dimeric intermediate, DL 
(Figure 4.9). A formation of dimeric cages, DM and DL, was anticipated from the metathesis of 
extended precursors due to increased flexibility (Figure 4.2). While DM was not detected, the 
presence of DL was suggested. However, attempts to separate out the observed smaller 
intermediate was unsuccessful at the time. Investigation of how precursor flexibility affects 
reaction equilibrium towards formation of entropically favored dimeric cages can be addressed in 
future studies.  
 
Figure 4.8. (cont.) 
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Figure 4.8. GPC traces of a) crude mixture after metathesis of PL, b) column fraction containing 
oligomers, TL (solid line), and DL (dotted line), c) column fraction of pure TL, and d) column fraction 
containing majority of longer oligomers and TL. 
 
 
Figure 4.9. MALDI mass spectra of a) TM, b) DL, and c) [TL +H]+ (positive mode, matrix: DCTB). 
 
To further corroborate the formation of cages, the isolated samples were analyzed by 
Diffusion Ordered Spectroscopy (DOSY) NMR. The DOSY spectra of pure TS and TL provided 
diffusivities of 2.78 ± 0.02 x 10-10 m2/s and 1.76 ± 0.03 x 10-10 m2/s in CDCl3 at 23 ᵒ C, from which 
hydrodynamic diameters were estimated to be 1.41 and 2.23 nm, respectively (Figure 4.10). The 
diameter estimated for TS is in good agreement with the single crystal structure (1.42 nm).8 The 
DOSY spectrum obtained from the TL sample showed smaller hydrodynamic radius than the 
calculated value (2.76 nm) based on the energy-minimized structure (molecular mechanics). The 
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observed discrepancy in size can be attributed to the larger portals present in the TL cage which 
result in a deviation from the hard-sphere assumption in the Stokes-Einstein-Sutherland equation.11 
Yet, the obtained correlation between the TL size extracted from DOSY data and that from the 
energy-minimized structure is within a reasonable error comparable to preceding cage 
molecules.12,13  
 
Figure 4.10. Comparable sizes of TS and TL extracted from energy minimized structure, DOSY 
data, and single crystal structure.  
4.4 Effects of Precursor Size on Cage Forming Pathways 
4.4.1 Monitoring Cage Formation via GPC 
The successful syntheses of the tetrahedral cages in different sizes were demonstrated. 
Further, the experimental results supported our hypothesis that the precursor size affects cage 
fidelity such that the larger precursors, PM and PL, diverge away from the ideal behavior observed 
from the small precursor, PS. To further explore the effects of precursor size on cage forming 
pathways, reaction progress was monitored via GPC. Precursors were subjected to AM under the 
same reaction conditions previously described (Figure 4.4), and aliquots were taken and quenched 
at various time points for analysis. As discussed in the section 4.2, successful cage formation 
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requires construction of tetrameric building blocks via intermolecular metathesis, and productive 
intramolecular metathesis to close four rings (Figure 4.1). Monitoring the reaction progress of each 
precursor revealed that all three precursors follow similar pathways in the beginning of the 
reaction. According to the normalized GPC traces (Figure 4.11), consumption of precursors to 
form dimeric, trimeric, tetrameric, and longer oligomeric intermediates was observed. During the 
metathesis of PS, those oligomeric intermediates undergo efficient dynamic bond exchange to 
rapidly assembly into TS. However, in the extended systems, not all oligomers converged to the 
cages as the reaction proceeded. Notably, in the case of metathesis of PL, oligomerization 
continued over time as evidenced by the broadening of the GPC trace (Figure 4.11c). While the 
GPC traces are relatively clean for the metathesis of PM, longer oligomers formed from PM suffered 
from low solubility. Indeed, intermediates began to form precipitates after 1 h and those 
precipitates were filtered off during GPC sample preparation and thus not observed in the obtained 
trace. 
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Figure 4.11. Reaction monitored by GPC at different time points for a) PS, b) PM, and c) PL. All 
reactions were performed in 10mM CHCl3 with 5 mol % [Mo] catalyst at room temperature. 
Additional 5 mol % catalyst was added at 16 h time point to obtain the final GPC data after 24 h 
for reactions of PM and PL as no changes were observed after 8 h. Each GPC trace is normalized 
by area. 
 
The GPC data indicate that extending the precursor size opens competing pathways in 
addition to the cage forming pathways, promoting the formation of longer oligomers. As 
mentioned earlier, this phenomenon is closely related to the reduced effective molarity due to 
increased flexibility and degrees of freedom. Extending the precursor size causes the connecting 
points to deviate from optimal orientation for efficient intramolecular metathesis to occur. Hence, 
intermolecular metathesis competes with intramolecular metathesis, which promotes off-target 
pathway oligomerization. Further, increased flexibility and degrees of freedom lowers the 
probability of “encounter frequency” for productive cyclization metathesis. Unproductive 
intramolecular metathesis results in mis-connected intermediates, which may channel 
intermediates off-target pathway. While the static nature of cage facilitated quantitative yield of 
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TS from PS, the inefficient bond exchange observed in the extended precursor reaction mixtures is 
presumed to impede oligomeric intermediates from converging to the desired cage products. Those 
oligomers could eventually enter a region, as described by Levinthal ‘golf-course potential’ 
landscape,14 where the reaction equilibrium is limited by the given reaction time, catalyst loading, 
and solubility. 
4.4.2 Design-in Kinetically Viable Pathways to Alleviate the Effects from Extended 
Precursor Size 
A simple experiment was designed to further confirm our hypothesis that increasing 
precursor size results in decreased effective molarity and promotes competing intermolecular side 
reactions. We suspected that the reduced effective molarity caused by the extension of precursor 
size is offset by diluting the reaction. By changing concentration, we expected to confine reaction 
pathways toward the cage formation, favoring intramolecular reactions relative to intermolecular 
reactions and providing opportunities for unproductive cyclization products to self-correct to 
return to on-target pathway. The precursors were subjected to AM under more dilute conditions, 
1 mM in chloroform. However, in the diluted condition, the reaction was significantly slower as 
AM is diffusion controlled. As a result, even after 24 hours, a substantial amount of precursor 
remained when reacted with 5 mol % catalyst (Figure 4.12). To maintain a reasonable reaction 
timescale, the catalyst loading was increased to 30 mol %. Then each reaction was monitored by 
GPC over time.  
The normalized GPC traces revealed the suppressed formation of oligomers and better 
confined cage formation (Figure 4.13). Comparing the final product distribution of each precursor 
in two different reaction concentrations shows an enlarged cage peak area from both PM and PL 
with the diluted condition (Figure 4.14). According to the GPC analysis, the TL peak area is 
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approximately 40 % larger when PL was subjected to 1 mM reaction conditions as opposed to the 
original 10 mM reaction conditions. Also, no precipitation of oligomers was observed from the 
metathesis of PM in the diluted condition. By simply changing the reaction concentration, we 
successfully alleviated the effects of precursor size on cage forming process by guiding the 
extended precursors toward better confined reaction pathways. This highlights the importance of 
understanding the effects of structural variables on reaction pathways. Further, this demonstrates 
how such insights can be used to design kinetically viable pathways towards desired products.  
 
Figure 4.12. GPC traces demonstrating a slower reaction of AM of PS in diluted (1 mM CHCl3) 
reaction condition with 5 mol% [Mo] catalyst loading. 
 
Figure 4.13. (cont.) 
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Figure 4.13. Reaction monitored by GPC at different time points for a) PS, b) PM, and c) PL with 
30 mol % [Mo] catalyst in 1mM CHCl3. Additional 5 mol % catalyst was added at 16 h time point 
to obtain the final GPC data after 24 h for reactions of PM and PL as no changes were observed 
after 4 h. Each GPC trace is normalized by area. 
 
 
Figure 4.14. GPC trace presenting product distribution of PS, PM, and PL after 24 h of metatheses 
in different reaction conditions; a) 10mM CHCl3 with 5 mol % [Mo] catalyst and b) 1mM CHCl3 
with 30 mol % [Mo] catalyst. GPC trace is normalized by area. 
4.5. Development of Toy Kinetic Model for the Tetrahedral Cage Formation 
To further obtain mechanistic insights on the cage forming process and to illustrate 
fundamental kinetic principles, a toy model was developed to simulate the kinetics. In the 
modeling of physics, a toy model is a deliberately simplistic model with many details removed. 
This inexact model is full of assumptions so that it can be used to explain a mechanism concisely 
for the complex process. It is also useful in a description of the fuller model. Developed by Hanson, 
the mechanism-based kinetics simulator provides a convenient way to follow the course of 
concentrations or rates of change in concentration of reactants, intermediates, and products over 
time.15 Proposed reaction mechanism steps are input, and kinetic parameters and starting 
concentrations are varied to provide mechanistic insights and correlations between different 
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parameters. In the following section, our efforts to build a toy kinetic model to describe our cage 
forming process is discussed.  
To probe a reasonable and descriptive reaction mechanism for our system, several 
mechanistic criteria and simplifications were considered. As discussed earlier, there are three 
different reaction pathways toward the formation of the cage H (Figure 4.15). We explicitly 
expressed those reaction pathways when writing the reaction steps. We also conjectured the 
formation of mis-connected intermediates, E*, F* and G* (Figure 4.16). For a productive 
intramolecular cyclization, two reactive alkynes marked in like-colors must undergo metathesis. 
However, the edges of each intermediate can freely rotate and lead to mismatched metathesis, 
indicated by purple arrows in the figure. This unproductive intramolecular cyclization results in 
mis-connected trimeric and tetrameric intermediates E*, F*, and G*. According to the 
computational molecular modeling (MM3) the mis-connected intermediates are reasonable 
structures to form. The mis-connected intermediates cannot form cages without first undergoing 
retro-cyclization. Time spent in these mis-connected intermediates increases the relative chances 
for intermolecular reactions in comparison to the chances for cage formation reactions. 
Consequently, the formation of mis-connected intermediates increases the probability for off-
target pathway oligomerization. There exist multiple pathways leading to mismatched 
intermediates, whereas there is only one productive pathway to close matching capping alkynes.  
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Figure 4.15. Three different reaction pathways, highlighted in blue, green, and pink, towards the 
cage (H).  
 
 
Figure 4.16. (cont.) 
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Figure 4.16. Mis-connected trimeric and tetrameric intermediates E*, F* and G* produced via 
unproductive intramolecular cyclization. Retro-cyclization is necessary for return to the on-target 
pathway. 
 
It should be noted that three different types of reactive alkyne pairs exist in the system 
(Figure 4.17). Alkyne metathesis is a reversible dynamic reaction. However, the reaction is 
irreversible if two external alkynes exchange due to removal of the resulting 2-butyne with 5 Å 
molecular sieves (Figure 4.17a). This accounts for the observed rapid consumption of starting 
precursor A and the growth of longer intermediates at the beginning of the reaction as described 
in Figure 4.11. In addition, faster metathesis rate of phenylpropyne over diphenylacetylene 
contributes to the observed phenomena. The reaction is reversible and dynamic if at least one 
internal alkyne is involved in the exchange. When an external alkyne interacts with an internal 
alkyne, the terminal methyl group transfers (Figure 4.17b) and results in scissioning of the longer 
oligomer. Alkyne exchanges with at least one internal alkyne prevent build-up of any particular 
intermediate during the reaction and allows recycling of longer oligomers to regenerate various 
intermediates, including the starting precursor A. For example, metathesis between dimeric 
intermediate B and another B can generate various intermediates, A-D, via three different types of 
alkyne interactions (Figure 4.17d).  
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Figure 4.17. Alkyne metatheses between a) two external alkynes, b) external and internal alkynes, 
and c) two internal alkynes. d) Example of dimeric intermediate, B, interacting with another B via 
three different types of alkyne pairs to generate various intermediates. Green caps indicate 
reacting alkyne pairs.  
 
To simplify our reaction mechanism, three sets of species were defined: on-target pathway 
intermediate I, oligomer L, and polymer P (Figure 4.18a). On-target pathway intermediate, I, 
consists of species A, B, C, D, E, F, and G (Figure 4.15). Oligomers with a chain length ranging 
from five to eight are classified as L, whereas oligomers with a chain length above eight are defined 
as P. Although this classification is arbitrary, it reflects notion that short oligomers remain in the 
dynamic pool, while longer oligomers have ventured far off-target and are essentially removed 
from the dynamic pool. Figure 4. 18b shows the oligomer chain length verses likelihood of each 
oligomer reacting, i.e. dimer reacting with another dimer (Figure 4.17 d), to form one of the three 
sets of species. Ranging from dimer up to tetramer, the formation of on-target pathway 
intermediates I is most probable. However, after tetramer, the formation of oligomer L is most 
likely, and at octamer the likelihood of formation of polymer P and oligomer L become 
approximately equal (Figure 4.18b). For longer chains, i.e. nonamer and above, the probability of 
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formation of polymer P increases significantly. Even though they are off-target pathways, octamer 
and below are in a rescuable stage as there is a high probability for a return to the dynamic pool. 
However, once oligomers reach nine units in length or higher, statistically it becomes unlikely for 
them to re-enter the dynamic pool. To reflect the observed statistical probability, we described any 
reaction steps that result in a formation of oligomer L or polymer P with approximate equilibrium 
constant of KL = 10
2 and KP = 10
4. While it is possible to create network of hundreds of equilibria 
for reaction steps of Ls and Ps, we simplified the system so that L and P are not specific entities, 
but a defined population of species. Thus, we decided to use one equilibrium constant, KL and KP, 
for the reaction between on-target pathway intermediates and population of states of L and P. 
While this can be expanded in the future to develop a more quantitative model, this was a 
reasonable simplification for a toy model.  
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Figure 4.18. a) Three sets of species defined by the chain length: on-target pathway intermediate 
I, oligomer L, and polymer P. Graph demonstrating the likelihood of each oligomer a) from dimer 
up to octamer, and b) octamer and above to form one of the three sets of species, I, L, P upon 
metathesis. 
 
A few other simplifications were also made in the analysis. There are indistinguishable 
multiple external and internal alkynes present in every intermediate. For example, dimeric 
intermediate B has four external alkynes, and monomer A has three external alkynes. Thus, there 
exist 4 x 3 ways to combine A and B via external/external alkyne metathesis to form trimeric 
intermediate C (Figure 4.19). Identifying and writing those degenerate reaction steps become 
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prohibitively demanding for the larger intermediates and for those that contain cyclic moieties. For 
a reaction with only reversible steps, the final product distribution is not affected by degenerate 
reaction steps, as the product is thermodynamically controlled. In contrast, explicitly writing 
degenerate reaction steps can have a significant impact on the final product distribution of a 
kinetically controlled system with irreversible reaction steps. The tetrahedral cage forming process 
contains both reversible and irreversible reaction steps. However, to produce a computationally 
lean approximation, we simplified our toy model by ignoring functional group weighting and 
describing each reaction step once. Nevertheless, efforts to incorporate accurate degeneracies of 
all reaction steps should be pursued in the future to develop a more reliable model system. 
 
Figure 4.19. Degenerate (4 x 3) reaction steps of two external alkynes from intermediates B and 
A to form C.  
 
In addition, the [Mo] catalyst was not explicitly considered in our reaction mechanism 
since our goal was to develop a kinetic model that could help probe the effects of precursor size 
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on cage forming process. The [Mo] catalyst undergoes several catalytic steps to form a metal 
carbyne and a metallacyclobutadiene.16 Instead of explicitly writing out those multiple steps and 
the involvement of the catalyst in overall reaction, we simplified our initial model to reduce 
complexity. We can ignore the role of the catalyst, since all of the rate expressions are first order 
in catalyst concentration. The relative rates of all elementary steps will not be modified by different 
catalyst concentrations.  
The experimental results suggested that the change in precursor size affects the effective 
molarity of the reaction, and by diluting the reaction concentration the observed effects could be 
off-set. We treated the rate constant of intermolecular metathesis as a constant variable. We 
considered that intermediates proceed intermolecular metathesis with a defined rate constant of 
kinter. To probe the experimentally observed effects due to change in precursor size, we were 
interested in tuning the intramolecular metathesis rate constant, kintra, at different concentrations of 
starting precursor, [A]. Thus, it was reasonable to consider catalyst concentration as a constant, 
which is incorporated into our rate constants, throughout the reaction.  
An approximated mechanism was proposed to describe the tetrahedral cage forming 
process from the tritopic precursor (Figure 4.20). Despite of the many simplifications, the proposed 
mechanism contained a total of 149 reaction steps. Three different reaction pathways were 
reflected in the mechanism, color coded in green, pink, and blue for path 1,2, and 3, respectively. 
Metathesis between two external alkynes were denoted with irreversible arrows. Approximate 
reaction equilibria KL = 10
2 and KP = 10
4 were set to represent the statistical behavior of oligomer 
L and polymer P, highlighted in light blue and red respectively.  
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Figure 4.20. Proposed reaction mechanism for tetrahedral cage formation. On-target pathway 
intermediates I forming steps are color coded in salmon, green, pink, and blue for on-target path, 
path 1, path 2, and path 3 respectively.  Approximate reaction equilibria KL = 102 and KP = 104 
represent the statistical behavior of oligomer L and polymer P, highlighted in light blue and red. 
Double headed equilibrium arrow, <==>, indicates reversible reaction steps. Single headed arrow, 
-->, represents irreversibility of the reaction.  
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Further, different kinetic variables and concentrations were considered to test our kinetic 
model. Three different model systems were determined to generate simulations that agreed with 
our experimental results (Figure 4.21a). The pathway analysis indicated that the balance between 
intermolecular and intramolecular metathesis is important to maintain a dynamic pool of 
intermediates I and oligomer L. To reflect our experimental results, different kintra / kinter values 
were screened. To model the obtained ideal behavior of metathesis of PS (Figure 4.21b, Exp 1), 
the intramolecular and intermolecular reaction rates, kintra and kinter, were set to be equal in model 
1. To simulate the observed reduced cage formation due to decreased effective molarity in 
metathesis of PL (Figure 4.21b, Exp 2), the kintra / kinter value was modified to be 0.02 in model 2. 
Finally, the starting concentration [A] was altered to demonstrate how the change in effective 
molarity can be cancelled out by lowering the initial concentration of A. The value of [A] was 
changed from 1 to 0.1 to reflect our experimental reaction condition, 10 mM and 1 mM. Initially, 
we started with an arbitrary intermolecular rate constant kinter = 0.01 (results not shown). However, 
with the given rate constant and lowered concentration of [A] = 0.1, very slow consumption of 
starting precursor [A] was observed in model 3. This phenomenon agrees well with the previous 
experimental result (Figure 4.12). Experimentally, increasing catalyst loading allowed us to obtain 
product distribution in a reasonable timescale. However, since the catalyst was not explicitly 
incorporated in our mechanism, the same attempt could not be made. Instead, we increased kinter 
value to 0.1 from 0.01 to model the reaction on a reasonable timescale.  
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Figure 4.21. a) Three different reaction conditions and developed model systems, and obtained 
a) deconvoluted experimental GPC traces and b) simulated graphs of concentration of each 
intermediate, A, B, L, H, and P verses reaction time. Other intermediates were omitted to make 
the graphs visually less complex. 
 
Table 4.1. Cage H over polymer P concentration obtained from final product distribution after the 
reaction (Exp 1-3) and the kinetic simulation (Model 1-3).  
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Based on the three model systems, we generated graphs that describe change in 
concentration of each intermediate over time (Figure 4.21c). A rapid consumption of starting 
precursor A (black line) and a predominant formation of dimeric intermediate B (red line) were 
observed at the beginning. Then appearance and disappearance of the oligomeric intermediate L 
(blue line) was notice over time. The rise and fall of [L] was also observed experimentally. Other 
intermediates were omitted for visual clarification of the graphs, but it should be noted that no 
build-up of any particular intermediate was observed as all converged to the desired cage H or 
polymer P. At the end, the change in rate and concentration of each intermediate became very 
small (~10-7), suggesting that the reaction reached its final product distribution. To investigate how 
well the developed kinetic model describes the real system, product distribution of cage over 
polymer, [H]/[P], was extracted from each graph. Then the values were compared with the 
experimental values obtained from deconvoluted GPC traces (Figure 4.21b). Table 4.1 shows that 
the three model systems very well reproduced our experimental results.  
Although several simplifications were made, the current semi-empirical toy kinetic model 
successfully validated our hypothesis and further provided important insights on the real reaction 
system. In the future, attempts to fill in the gaps in reaction mechanism are needed to develop more 
accurate and reliable kinetic model. As demonstrated in this work, computational simulations can 
be a powerful tool to probe structural variables of building blocks on chemical processes. We 
envision that continuous efforts to realize robust computational models to understand reaction 
pathways in multitopic DCC would enable access to complex molecular architectures in a 
predictable manner.  
115 
 
4.6. Conclusion 
In this chapter, our efforts to probe the effects of precursor structure on the cage forming 
pathways were described. To better understand the cage forming process, reaction pathways 
leading to the tetrahedral cage from the tritopic precursor were analyzed. We identified two major 
sources that can cause intermediates to deviate from kinetically viable pathways: 1) unproductive 
cyclization, and 2) imbalance between intermolecular and intramolecular metathesis. By 
investigating a series of precursors with different arm lengths, we demonstrated that extending 
precursor size reduces effective molarity due to increased flexibility and degrees of freedom. As a 
result, reaction pathways are altered, affecting the fidelity of the cage formation. By diluting the 
reaction, we demonstrated that the observed effects can be alleviated. Several experimental data 
suggested that the major product obtained from each reaction is the desired cage molecule. Further, 
the cage forming process was explored by monitoring the reaction over time and modeling the 
system using a toy kinetic simulator. The kinetic simulation based on the reaction mechanism 
agreed with our experimental results that the increase in precursor size opens competing side 
reactions to promote off-target pathway oligomerization. Several assumptions were made to 
develop a reasonable kinetic model. While some of those simplifications should be re-visited and 
expanded to produce a more accurate and generally applicable kinetic model in the future, the 
current model can be used to explain experimental observations in a semi-quantitative manner.   
Our work establishes that a simple extension of precursor arm length can be a facile 
approach to construct large molecular cages. This approach can broaden the scope of applications 
of porous organic cages. TL is one of the largest organic cages reported to date,17 and the cage is 
anticipated to have a permanent porosity due to its rigid framework.18 Our work illustrates the 
importance of obtaining fundamental insights on reaction pathways and kinetic aspects in 
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multitopic DCC. Only when the multitopic dynamic reactions follows kinetically viable pathways 
will the reversible nature be realized for successful synthesis of thermodynamically favored 
products. Thus, efforts to explore reaction pathways and kinetics is critical to design kinetically 
viable pathways toward desired products. Such efforts would allow the development of guidelines 
to construct complex porous organic cages, which can be explored for their potential applications.    
 
4.7 Experimental Details 
4.7.1 General Methods 
All reagents were obtained from commercial suppliers and used as received unless 
otherwise noted. 1,3,5-Tris(4-iodobenzyl)-2,4,6-triethylbenzene1 (3) and Molybdenum(IV) 
propylidyne precatalyst [Mo]2,3 were prepared following reported procedures. Nuclear magnetic 
resonance (NMR) spectra (500 MHz, 1H; 125 MHz, 13C) were recorded at room temperature (298 
K). Chemical shifts were referenced on residual solvent peaks. Column chromatography was 
performed on Biotage Isolera using Silicycle Siliasep HP flash cartridges. High-resolution 
electrospray ionization (ESI) mass spectrometry was performed on Waters Synapt G2-SI. Matrix-
assisted laser desorption/ionization (MALDI) mass spectrometry was performed on Bruker 
Daltonics UltrafleXtreme MALDI. Nylon membrane filter, 0.45 micron., 25 mm and 47 mm 
(MAGNA, Maine Manufacturing. LLC) were used for collecting precipitated cage crude products. 
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4.7.2 Syntheses and Characterizations of Compounds  
 
 
Scheme 4.3. Synthesis of extended precursor, PM. 
 
(3,5-dimethoxyphenyl)trimethylsilane (1): A solution of 1-bromo-3,5-
dimethoxybenzene (2 g, 9.22 mmol, 1 equiv) in anhydrous THF (16 mL) was cooled to -78 °C. 
1.6 M n-BuLi solution in hexanes (6.3 mL, 10.14 mmol, 1.1 equiv) was added to the solution 
dropwise over 5 min under nitrogen and stirred for 3 h. Trimethylsilyl chloride (1.4 mL, 11.1 
mmol, 1.2 equiv) was added under nitrogen dropwise over 5 min to the mixture and the mixture 
stirred overnight allowing the reaction to equilibrate at room temperature. The reaction mixture 
was quenched with H2O. THF was removed under vacuum and the mixture was extracted with 
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EtOAc. The organic layer was dried over MgSO4, filtered and the solvents were removed under 
vacuum to give clear oil (1.91g, 9.1 mmol, 99% yield). 1H NMR (500 MHz, CDCl3, δ): 6.66 (d, J 
= 2.3 Hz, 2H), 6.46 (t, J = 2.3 Hz, 1H), 3.82 (s, 6H), 0.27 (s, 9H). 13C NMR (125 MHz, CDCl3, δ): 
160.53, 143.13, 111.04, 100.66, 55.37, -1.03. HR-MS (ESI+): C11H19O2Si [M+H]
+ calcd 
211.1154, found 211.1160 
4-trimethylsilyl-2,6-dimetoxyphenylboronic acid (2): To a solution of 1 (1.89g, 8.99 
mmol, 1 equiv) in anhydrous THF (45 mL) at 0 °C was added dropwise over 5 min 1.6 M n-BuLi 
solution in hexanes (7.3 mL, 11.68 mmol, 1.3 equiv) under nitrogen and stirred for 3 h in cold 
water bath at 13 °C. The reaction mixture cooled to -78 °C and trimethyl borate (2 mL, 17.97 
mmol, 2 equiv) was added over 3 min and stirred for overnight letting reaction to warm to room 
temperature. 1 M HCl (45 mL) was added to the reaction and allowed to stir for 1 h. THF was 
removed under vacuum and the mixture was extracted with diethyl ether. The organic layer was 
dried over MgSO4, filtered and the solvents were removed under vacuum to afford white solid 
(2.18g, 8.58 mmol, 96% yield). 1H NMR (500 MHz, CDCl3, δ): 7.24 (s, 2H), 6.75 (s, 2H), 3.94 (s, 
6H), 0.29 (s, 9H).  13C NMR (126 MHz, CDCl3) δ 166.05, 148.42, 109.88, 57.31, -0.00. HR-MS 
(ESI+): C11H20BO4Si [M+H]
+ calcd 255.1229, found 255.1224 
 
1,3,5-Tris(4-trimethylsilyl-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-trietylbenzene (4): 
Pd(OAc)2(12.5 mg, 0.055 mmol, 0.15 equiv), SPhos (45.5 mg, 0.11 mmol, 0.3 equiv), K3PO4 (471 
mg, 2.22 mmol, 6 equiv), 2 (423 mg, 1.67 mmol, 4.5 equiv) and 3 (300 mg, 0.37 mmol, 1equiv) 
were placed in a vial equipped with a septum under inert gas. Toluene/water (6.2 mL/ 1.2 mL) 
were degassed under argon for 30 min and added to the mixture. The reaction mixture was heated 
to 80 °C and stirred for 36 hr. The reaction mixture was cooled to room temperature and diluted 
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with EtOAc. The organic layer was washed with brine and water, dried over MgSO4, and 
concentrated in vacuo. Flash column chromatography using an eluent gradient from 
hexane/CH2Cl2 90:10 to 60:40 afforded a white solid product (391 mg, 0.37 mmol, 82% yield). 
1H 
NMR (500 MHz, CDCl3, δ): 7.23 (d, J = 8.2 Hz, 6H), 7.08 (d, J = 8.2 Hz, 6H), 6.75 (s, 6H), 4.19 
(s, 6H), 3.72 (s, 18H), 2.58 (q, J = 7.4 Hz, 6H), 1.15 (t, J = 7.4 Hz, 9H), 0.31 (s, 9H).  13C NMR 
(125 MHz, CDCl3, δ): 157.30, 141.61, 141.06, 139.69, 134.03, 131.30, 130.81, 127.32, 120.54, 
108.98, 56.15, 34.70, 24.12, 15.29, -0.88. HR-MS (ESI+): C66H85O6Si3 [M+H]
+ calcd 1057.5654, 
Found 1057.5634 
1,3,5-Tris(4-iodo-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-trietylbenzene (5): To a solution 
of 4 (310 mg, 0.293 mmol, 1 equiv) in CH2Cl2 (7.5 mL) at 0 °C was dropwise added a solution of 
ICl (0.05 mL, 0.91 mmol, 3.1 equiv) in CH2Cl2 (2.5 mL) and stirred for 15 min. The reaction was 
quenched with a solution of sodium bisulfite and extracted with CH2Cl2, dried with MgSO4, 
filtered and removed the solvents under vacuum. Flash column chromatography using an eluent 
hexane/CH2Cl2 65:35 afforded a white solid product (340 mg, 0.28 mmol, 95% yield).  
1H NMR 
(500 MHz, CDCl3, δ): 7.16 (s, 6H), 7.06 (s, 6H), 6.93 (s, 6H), 4.17 (s, 6H), 3.67 (s, 18H), 2.53 (d, 
J = 7.5 Hz, 6H), 1.14 (t, J = 7.4 Hz, 9H).  13C NMR (125 MHz, CDCl3, δ): 157.95, 141.46, 139.88, 
133.77, 130.55, 130.25, 127.20, 119.34, 114.00, 92.26, 56.12, 34.47, 23.93, 15.15. HR-MS (ESI+): 
C57H58I3O6[M+H]
+ calcd1219.1426, Found 1219.1422 
1,3,5-Tris(4-propynyl-2,6-dimethoxy-1,1’-biphenyl)-2,4,6-trietylbenzene (PM): To a 
degassed solution of 5 (320 mg, 0.263 mmol, 1 equiv), PdCl2dppf (10 mg, 0.013 mmol, 0.05 equiv) 
in THF (9 mL) was added 0.5 M 1-propynylmagnesium bromide solution in THF (2.6 mL, 1.31 
mmol, 5 equiv) under argon and stirred at 70 °C overnight. The reaction was cooled to room 
temperature and quenched with an aqueous solution of NH4Cl and THF was removed under 
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vacuum. The mixture was extracted with CH2Cl2, dried with MgSO4, filtered and concentrated 
under vacuum. Flash column chromatography using an eluent gradient from hexanes/CH2Cl2 9:1 
to 6:4 resulted in a white solid product (235 mg, 0.25 mmol, 94% yield). 1H NMR (500 MHz, 
CDCl3, δ): 7.20 (d, J = 8.2 Hz, 6H), 7.05 (d, J = 8.0 Hz, 6H), 6.65 (s, 6H), 4.17 (s, 6H), 3.67 (s, 
18H), 2.53 (q, J = 7.4 Hz, 6H), 2.07 (s, 9H), 1.14 (t, J = 7.4 Hz, 9H).  13C NMR (125 MHz, CDCl3, 
δ): 157.44, 141.62, 139.84, 133.96, 130.84, 127.28, 123.73, 119.64, 107.62, 85.60, 80.22, 56.01, 
34.63, 24.07, 15.32, 4.50. HR-MS (ESI+): C66H67O6 [M+H]
+ calcd 955.4938, Found 955.4944 
 
 
Scheme 4.4. Synthesis of extended precursor PL. 
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Trimethyl(2’,3,5,6’-tetramethoxy-[1,1’-biphenyl]-4-yl)silane (6): 1-bromo-3,5-
dimethoxybenzene (1.33 g, 6.13 mmol, 1 equiv), 2 (1.87 g, 7.35 mmol. 1.2 equiv), Pd(OAc)2 (136 
mg, 0.613 mmol, 0.1 equiv), SPhos (507 mg, 0.123 mmol, 0.2 equiv), K3PO4 (5.2 g, 24.5 mmol, 4 
equiv) were placed in a round bottom flask under inert gas. Toluene/water (102 mL/ 20 mL) were 
degassed under argon for 30 min and added to the mixture. The reaction mixture was heated to 70 
°C and stirred overnight. The reaction mixture was cooled to room temperature and diluted with 
ethyl acetate. The organic layer was washed with brine and water, dried over MgSO4, and 
concentrated in vacuo. Flash fcolumn chromatography using an eluent hexane/EtOAc 96:4 to 
afforded a product (1.87 g, 5.41 mmol, 88% yield). 1H NMR (500 MHz, CDCl3, δ): 6.80 (d, J = 
1.1 Hz, 2H), 6.53 (dd, J = 2.3, 1.1 Hz, 2H), 6.46 (dt, J = 2.3, 1.2 Hz, 1H), 3.80 (d, J = 0.9 Hz, 6H), 
3.78 (d, J = 1.1 Hz, 6H), 0.34 (d, J = 1.2 Hz, 9H).13C NMR (125 MHz, CDCl3, δ): 160.15, 157.23, 
141.65, 136.18, 120.43, 109.07, 108.88, 99.42, 56.18, 55.38, -0.89. HR-MS (ESI+): C19H26O4Si 
[M+H]+ calcd 347.1679, Found 347.1670 
4’-trimethylsilyl-2’,3,5,6’-tetramethoxy-(1,1’-biphenyl)boronic acid (7): To a solution 
of 6 (2.2g, 6.35 mmol, 1 equiv) in anhydrous THF (22 mL) at 0 °C was added dropwise over 5 
min 1.6 M n-BuLi solution in hexanes (5.2 mL, 8.25 mmol, 1.3 equiv) under nitrogen and stirred 
for 3 h. The reaction mixture cooled to -78 °C and trimetyl borate (1.42 mL, 12.7 mmol, 2 equiv) 
was added over 3 min and stirred for overnight letting reaction to warm to room temperature. 1 M 
HCl (22 mL) was added to the reaction and allowed to stir for 1 h. THF was removed under vacuum 
and the mixture was extracted with diethyl ether. The organic layer was dried over MgSO4, filtered 
and the solvents were removed under vacuum to afford white solid (2.46g, 6.28 mmol, 98% yield). 
1H NMR (500 MHz, CDCl3, δ): 6.80 (s, 2H), 6.63 (s, 2H), 3.89 (s, 6H), 3.78 (s, 6H), 0.33 (s, 9H).  
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13C NMR (126 MHz, CDCl3) 164.88, 157.06, 142.64, 139.76, 119.59, 108.75, 107.37, 56.15, 
56.13, -0.92. HR-MS (ESI+): C19H28BO6Si [M+H]
+ calcd 391.1748, Found 391.1733 
 
1,3,5-Tris(4-trimethylsilyl-2,3’,5’,6-tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-
triethylbenzene (8): Pd(OAc)2 (19 mg, 0.082 mmol, 0.15 equiv), Sphos (68 mg, 0.16 mmol, 0.3 
equiv), K3PO4 (700 mg, 3.3 mmol, 6 equiv), 7 (965 mg, 2.47 mmol, 4.5 equiv) and 3 (445 mg, 
0.55 mmol, 1equiv) were placed in a vial equipped with a septum under inert gas. Toluene/water 
(9.2 mL/ 1.8 mL) were freeze-pump-thawed and added to the mixture. The reaction mixture was 
heated to 70 °C and stirred for overnight. The reaction mixture was cooled to room temperature 
and diluted with EtOAC. The organic layer was washed with brine and water, dried over MgSO4, 
and concentrated in vacuo. Flash column chromatography using an eluent gradient from 
hexane/CH2Cl2 2:8 to 100% CH2Cl2 afforded a white solid product (487 mg, 0.33 mmol, 60% 
yield). 1H NMR (500 MHz, CDCl3, δ): 7.33 (d, J = 8.2 Hz, 6H), 7.10 (d, J = 7.9 Hz, 6H), 6.81 (s, 
6H), 6.63 (s, 6H), 4.21 (s, 6H), 3.80 (s, 18H), 3.68 (s, 18H), 2.61 (q, J = 7.4 Hz, 6H), 1.15 (t, J = 
7.4 Hz, 9H), 0.33 (s, 27H).  13C NMR (126 MHz, CDCl3, δ) 157.30, 157.07, 141.63, 141.60, 
139.47, 134.11, 134.06, 131.55, 131.09, 127.25, 120.73, 118.14, 109.06, 107.24, 56.26, 56.03, 
34.77, 24.15, 15.28, -0.88. HR-MS (ESI+): C90H109O12Si3 [M+H]
+ calcd 1465.7227 Found 
1465.7239 
1,3,5-Tris(4-iodo-2,3’,5’,6-tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-triethylbenzene 
(9): To a solution of 8 (480 mg, 0.33 mmol, 1 equiv) in CH2Cl2 (12 mL) was dropwise added a 
solution of ICl (0.054 mL, 1.01 mmol, 3.1 equiv) in CH2Cl2 (4 mL) at 0 °C and stirred for 15 min. 
The reaction was quenched with a solution of sodium bisulfite and extracted with CH2Cl2, dried 
with MgSO4, filtered and removed the solvents under vacuum. Flash column chromatography 
123 
 
using an eluent from hexane/CH2Cl2 2:8 to 100% CH2Cl2 afforded a white solid product (485 mg, 
0.30 mmol, 91% yield). 1H NMR (500 MHz, CDCl3, δ): 7.32 (d, J = 8.2 Hz, 6H), 7.11 (d, J = 8.3 
Hz, 6H), 7.00 (s, 6H), 6.57 (s, 6H), 4.21 (s, 6H), 3.76 (s, 18H), 3.68 (s, 18H), 2.61 (dd, J = 7.5, 7.0 
Hz, 6H), 1.16 (t, J = 7.3 Hz, 9H).  13C NMR (126 MHz, CDCl3, δ) 158.10, 157.11, 141.59, 139.56, 
134.07, 133.19, 131.38, 131.02, 127.25, 119.77, 118.42, 114.29, 107.07, 92.76, 56.40, 56.04, 
34.81, 34.74, 24.13, 15.28.  HR-MS (ESI+): C81H81I3O12 [M+Na]
+ calcd 1649.2784, Found 
1649.2813 
1,3,5-Tris(4-propynyl-2,3’,5’,6-tetramethoxy-1,1’;4’,1’’-terphenyl)-2,4,6-
triethylbenzene (PL): To a degassed solution of 9 (429 mg, 0.264 mmol, 1 equiv), PdCl2dppf (19 
mg, 0.026 mmol, 0.1 equiv) in THF (8.8 mL) was added 0.5 M 1-propynylmagnesium bromide 
solution in THF (2.6 mL, 1.31 mmol, 5 equiv) under argon and stirred at 70 °C overnight. The 
reaction was cooled to room temperature and quenched with an aqueous solution of NH4Cl and 
THF was removed under vacuum. The mixture was extracted with CH2Cl2, dried with MgSO4, 
filtered and concentrated under vacuum. Flash column chromatography using CH2Cl2 resulted in 
a white solid product (324 mg, 0.24 mmol, 90% yield). 1H NMR (500 MHz, CDCl3, δ): 7.32 (d, J 
= 8.2 Hz, 6H), 7.09 (d, J = 8.1 Hz, 6H), 6.71 (s, 6H), 6.60 (s, 6H), 4.20 (s, 6H), 3.75 (s, 18H), 3.68 
(s, 18H), 2.60 (q, J = 7.4 Hz, 6H), 2.09 (s, 9H), 1.15 (t, J = 7.4 Hz, 9H).  13C NMR (125 MHz, 
CDCl3, δ): 157.47, 157.07, 141.60, 139.51, 134.10, 133.54, 131.49, 131.06, 127.25, 124.15, 
119.88, 118.30, 107.76, 107.24, 85.88, 80.12, 56.15, 56.06, 34.82, 25.43, 15.28, 4.52. HR-MS 
(ESI+): C90H90O12 [M+H]
+ calcd 1363.6486, Found 1363.6473 
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4.7.3 1H and 13C NMR Spectra 
 
 
Figure 4.22. 1H NMR spectrum of 1 (500 MHz, CDCl3). 
 
Figure 4.23. 13C NMR spectrum of 1 (125 MHz, CDCl3). 
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Figure 4.24. 1H NMR spectrum of 2 (500 MHz, CDCl3). 
 
Figure 4.25. 13C NMR spectrum of 2 (125 MHz, CDCl3). 
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Figure 4.26. 1H NMR spectrum of 4 (500 MHz, CDCl3).  
 
Figure 4.27. 1H NMR spectrum of 4 (125 MHz, CDCl3). 
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Figure 4.28. 1H NMR spectrum of 5 (500 MHz, CDCl3). 
 
Figure 4.29. 13C NMR spectrum of 5 (125 MHz, CDCl3). 
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Figure 4.30. 1H NMR spectrum of PM (500 MHz, CDCl3). 
 
Figure 4.31. 13C NMR spectrum of PM (125 MHz, CDCl3). 
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Figure 4.32. 1H NMR spectrum of 6 (500 MHz, CDCl3). 
 
Figure 4.33. 13C NMR spectrum of 6 (125 MHz, CDCl3). 
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Figure 4.34. 1H NMR spectrum of 7 (500 MHz, CDCl3). 
 
Figure 4.35. 13C NMR spectrum of 7 (125 MHz, CDCl3). 
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Figure 4.36. 1H NMR spectrum of 8 (500 MHz, CDCl3). 
 
Figure 4.37. 13C NMR spectrum of 8 (125 MHz, CDCl3). 
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Figure 4.38. 1H NMR spectrum of 9 (500 MHz, CDCl3). 
 
Figure 4.39. 13C NMR spectrum of 9 (125 MHz, CDCl3). 
CHCl3 
DCM 
CDCl3 
133 
 
 
Figure 4.40. 1H NMR spectrum of PL (500 MHz, CDCl3). 
 
Figure 4.41. 13C NMR spectrum of PL (125 MHz, CDCl3). 
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4.7.4 1H-DOSY-NMR spectra of Cage Compounds and Estimated Size Comparison 
The 1H-DOSY spectra were collected on an Agilent direct-drive VNMRS 750 MHz NMR 
spectrometer equipped with an 5mm indirect-detection probe with Z-gradient capability 
(maximum Gradient Strength: 70 G/cm).  All experiments were measured at 23 oC.  The bipolar 
pulse pair stimulated echo (Dbppste) pulse sequence was used in the DOSY experiments.  An array 
of 15 1H spectra was collected for both compounds with the pulse field gradient strengths ranging 
from 2.79 to 64.32 G/s and with a total of 50 ms diffusion period.  Both TS and TL compounds 
were dissolved in CDCl3 at a concentration around 5mM, respectively.  The diffusion coefficient 
constants were obtained from the DOSY spectra processed with the Agilent VnmrJ4.2A software, 
and the non-uniform gradients correction was applied.   The DOSY were also processed in Mnova 
11.0.2 software.  
 
Figure 4.42. DOSY spectrum of TS and comparable sizes extracted from energy minimized 
structure, DOSY data, and single crystal structure. 
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Figure 4.43. DOSY spectrum of TL and comparable sizes extracted from energy minimized 
structure and DOSY data.   
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